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Abstract

MgO-Al,03-Si0, (MAS) and LiO,-Al,03-SiO, (LAS) glass ceramic systems is a
material which is reported to have very good mechanical properties and thermal
stability. These properties are suitable not only for replacing the conventional
materials but also embark new fields which can satisfy the technical demands
especially in aerospace applications. However, this work is primarily focusing on the
fabrication of glass ceramic matrix composites. Since these glass ceramics are
reported to have good thermo-mechanical properties, the study embarked upon the
fundamentals of processing of MAS and LAS glass ceramic fibres, in order to open a

new avenue for advanced glass fibre composites in high temperature applications.

The present work aims to develop fundamental information for fabrication of MAS
and LAS glass ceramic fibres and development of the glass ceramic fibre reinforced
polymer (GCFRP) composite. The thesis gradually evolves in the direction of this
goal by developing suitable bulk glass ceramics, glass ceramic fibres and glass
ceramic fibre reinforced polymer composites.

In the first part, the bulk MAS and LAS glass ceramics were prepared using melting
and casting process. This was followed by controlled heat treatments at different
temperatures. The crystallisation behavior of both glass ceramics showed that the
temperature increase enhanced the rigidity of the glass structure, thereby superior
and reliable properties such as density, nanohardness and reduced Young's modulus
were successfully derived in the MAS and LAS system prepared at different
annealing and subsequent heat-treatment regimes. The thermo-mechanical properties
were correlated to the crystalline phases present in the system. SEM analysis showed
that there was a significant variation in morphology of the crystalline phases with the
changes in the heat treatment temperatures.

In the second part, the mechanical properties of magnesium aluminium silicate
(MAS) and lithium aluminium silicate (LAS) single fibres were investigated. The
fibres were prepared using different methods namely melt drawing (MAS) and
continuous drawing (LAS) respectively. The glass ceramic fibres were subjected to
the optimised thermal treatments and the physical appearance observed indicated an
absence of distortion before being tested using single fibre test (SFT). Relations
between the properties of glass ceramic fibres and heat treatment conditions were



clearly demonstrated by changes in density and Young's modulus. The latter was
obtained with an acoustic approach which was successfully used in both systems.
The glass and glass ceramic fibre selected were tested using the SFT and showed that
different methods in fibre manufacturing process and different gauge lengths in the
single fibre tests generate significantly different values in the mechanical properties
of glass and glass ceramic fibres. The fibre strength distributions were strongly
correlated with the diameter values of the tested fibres, and variation of the Weibull
parameters depended on the gauge lengths. Moreover, scanning electron microscopy
(SEM) examination of the fracture surfaces revealed the presence of fracture-
inducing flaws located at the surface or in the interior of the fibre.

Finally, an analysis of the fibrous glass ceramic MAS and LAS system was further
developed towards the application in advanced composite materials. The
manufacturing of single ply unidirectional glass ceramic fibre reinforced polymer
composites was cautiously prepared at the fibre volume fraction of 30% by hand lay
up technique due to the limited and fragile nature of the fibres. Both glass ceramic
fibre composites were tested using dynamic mechanical thermal analysis (DMTA).
The results showed distinctive differences in the storage modulus, £’ and tan 6
between composites reinforced with MAS and LAS fibres. This indicates that the
epoxy resin was strongly influenced by the presence of fibres of an appreciable
fibres alignment. In addition, the quality of the laminate depended on the fibre
volume fraction and void content. The investigation of surface fracture through
fractography indicated a correlation between the properties of composites with the
crystallinity of their structures. SEM photomicrographs displayed visibly good
interfaces for all uncoated glass ceramic fibre systems in which MAS and LAS glass
ceramic fibres were well bonded with the epoxy, compared to LAS and MAS
uncoated glass fibre composites which revealed a weaker interface due to poor
interfacial adhesion. Finally, their excellent dynamic thermo-mechanical properties
conclude the scientific development carried out in this thesis, with the prospect of the
continuing work into development of high-temperature applications in the aerospace

industry.
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Chapter 1

Introduction

1.1 Motivation

lass ceramic technologies have developed rapidly in the past few decades
G due to their excellent mechanical properties and thermal stability of glass
ceramic materials. These properties are attractive for replacing conventional
materials and can also satisfy the technical demands for new applications, such as
radomes and coatings. Recent studies have been dedicated to the fabrication of
glass ceramic matrix composites [1-4]. However, limited research has been
reported about the potential use of glass ceramic MAS (MgO-Al,03-SiO;) and
LAS (LiO2-Al;03-SiOy) fibres, mainly as reinforcements for composite materials.
Use of these fibres remains largely unexplored since the standard and specialty

composites are manufactured using different reinforcement, typically E-glass.

Very little work has been done concerning the fabrication of fibres from glass
ceramics in terms of the analytical assessment of high melting temperatures,
crystallisation times and manufacturing methods. Thus there is a gap of
knowledge regarding the forming processes and implementation of glass ceramic
fibres in composite applications. These factors have made it difficult for glass
ceramics to develop in parallel with other advanced materials. The potential usage
of the glass ceramic materials as fibre reinforcemet could be achieved by tailoring
properties using controlled heat treatment [5]. Development of fibres began in
1964 [6] and has since been continued by other researchers [7-10]. Ashbee’s
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study [7] of the green SiO,-Li,O-ZnO glass ceramics system using an extrusion
method provided a foundation for additional research using different glass
ceramic systems [11-13]. The strength and stiffness of the fibres must be within
an acceptable range in order to introduce a glass ceramic fibre reinforced
composite. Generally, fibres must be stronger and stiffer than the matrix in order
to be primary stress carriers and must be capable of resisting the propagation of
cracks under steady or cyclic loads. Production of a glass ceramic fibre
composite, having both high strength and high toughness, is critically dependent
on the fabrication of the fibre. It is therefore of crucial importance to optimise
fabrication properties in order to extend the use of glass ceramics for such
applications. It has been reported [14] that the thermomechanical properties of
glass ceramic fibres are varied during fabrication. The process for the preparation
of glass ceramics include the selection of its composition and the nucleating agent
that influences the prevalence of crystalline phases as well as the melting and
annealing temperatures. These are important parameters in achieving the desired
microstructure and material properties [15]. Consequently, the fundamental
parameters that control the performance of the fibre are often related to the
development of the microstructure in glass ceramics. Controlled heat treatments
that dictate the final properties of the fibre reflect these factors.

Glass ceramics have been crystallised using a range of nucleating agents which
yielded high Young’s moduli and low thermal expansion coefficients [16-20].
This desirable combination of properties arises from the formation of several
phases. High modulus of elasticity is desirable when the glass is used in the form
of fibre reinforcement. These materials are hard to prepare due to the high melting
and forming temperatures, wide a range of crystallisation behaviours and complex
processes of phase separation during cooling and compositional changes. Hence,
these materials may be considered as potential replacements for conventional
reinforcing glass fibres in composite applications. Although the investigation of
the general properties of glass ceramic fibres has been explored in various
research fields, research on glass ceramic fibres for reinforced composites is still

in its early stages.
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1.2 Problem statement

Composite design aims to strike a balance of stiffness, strength and toughness by
way of fibre reinforcement. E-glass fibres have been widely used due to their
advantageous properties. However, this material has limited application for use
where high modulus is required at high service temperatures. In general
comparison of mechanical properties between the glass and glass ceramics,
especially their moduli, glass ceramic possesses higher modulus than E-glass in
bulk forms (138GPa for MAS [167] compared with 76GPa for E-glass fibres [49],
and 88GPa for S-glass [49]) and can withstand significantly higher temperatures.
In a standard process, glass ceramics are formed through controlled
crystallisation. Desired properties are produced based on the various crystalline
phases within the glass ceramic. The glass system called as non-crystalline

produced without any controlled crystallisation.

Generally, the inclusion of glass ceramic fibres is expected to show a significant
improvement in Young's modulus for composite materials based on the research
on the production of glass ceramic MAS system done by Wange et al. [16] and
Shao et al. [17]. Previously, a number of researchers used glass ceramic MAS
systems in their studies as the matrix for composites combined with other
materials such as SiC fibres and whiskers [3-4, 119]. Fabrication and
manufacturing optimisation of LAS system has been studied [11, 22-23] however

it has not been commercially developed for composite applications.

Manufacture and analysis of fibres from glass ceramic MAS and LAS systems is
essential for the optimisation of the mechanical properties of their composites.
The main challenge lies in the process of drawing these fibres which involves
very high melting temperatures (>1600°C). This is followed by controlled heat
treatment to convert the original glass composition to glass ceramic MAS and
LAS.
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1.3 Research objectives & scope

The present work aims to develop fundamental processing conditions for MAS

glass ceramic fibres. The main objectives of this research are:

) To study the effect of heat treatment on the thermomechanical bulk
properties of MAS and LAS glass ceramics.

i) To develop a detailed schedule for the heat treatment based on
thermomechanical properties obtained in the bulk material.

1)  To fabricate glass fibres using different methods of fiberisation and to
select the optimal heat treatment schedule to convert glass fibres to
glass ceramic fibres.

V) To evaluate and compare the mechanical properties of the glass
ceramic fibres with those of the glass fibres.

V) To analyse the dynamic stiffness of composites over a range of

temperatures produced from the selected glass ceramics fibres.

In this study, fibrous glass ceramic will be prepared from MAS and LAS systems
and combined with a thermoset epoxy resin. The glass ceramic fibre composites
(GCFC) will be investigated using standard mechanical tests for composite
materials. Glass ceramics will be prepared by first melting MAS and LAS glasses
under controlled conditions, and then annealing and crystallisation, also under
controlled conditions. The properties of these materials will then be characterised
in the bulk form using differential thermal analysis (DTA), X-ray diffraction
(XRD), density measurement and nanoindentation before proceeding with the
fibre drawing process. Several heat treatments will be trialled in order to produce
glass- ceramic fibres. The properties of the fibres will be tested according to
standard testing requirements and failure analysis will be conducted using
scanning electron microscopy (SEM). Fabrication of the composites will be
undertaken by wet lay-up and the performance will be evaluated by dynamic
mechanical thermal analysis (DMTA), fibre volume fraction (weight measured
using TGA) and density (Achimedes’ technique). Observation of the
microstructure and surface morphology will be performed using optical

microscopy (OM) and scanning electron microscopy (SEM).

4
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1.4 Outline of the thesis

This thesis is divided into 6 chapters, including an introductory chapter. A brief

description of each chapter is presented here.

CHAPTER 2 presents relevant literature with a focus on glass ceramic
materials as reinforcing fibres. The fabrication techniques were also
reviewed with special reference to glass ceramic fibres. The most recent
work related to the use of glass ceramics in high temperature applications is

presented here.

CHAPTER 3 presents the details of the fabrication works used, encompasses
preparation of glass ceramic in bulk, glass and glass ceramic fibre. The
methods used to fabricate glass ceramic fibres reinforced polymer

composites is also presented here.

CHAPTER 4 presents the details of the experimental techniques used,
including characterisation of glass ceramic in bulk and glass fibre as well as
thermal and physical measurements. The measurements of mechanical
properties of glass and glass ceramic fibre were preformed using a single
fibre test. The measurements of mechanical properties glass ceramic fibres

reinforced polymer composites are also presented here.

CHAPTER 5 presents the results and discussion for characterisation of the
material properties of bulk glasses, glass ceramic fibres and glass ceramic
fibre reinforced composites. This chapter also includes results obtained
from a study of the relation between methods of fabrication and the

mechanical properties of glass ceramics.
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CHAPTER 6 presents conclusions deduced from this study.

CHAPTER 7 presents suggestions for future research in this area utilising the
findings obtained from this work.



Chapter 2

Literature Review

2.1 Summary

he literature survey in this chapter presents an overview of the processing of
Tglass ceramics. The relationships between the properties of glass ceramics
and their constitutions are also covered, with particular focus on glass ceramics of
MgO-Al,03-Si0, (MAS) and LiO,-Al,03-SiO, (LAS) systems. The Weibull
concept is introduced. This chapter also provides a comprehensive review on the
history of glass ceramic fibres with the emphasis on the relationships between
thermomechanical properties, phases and microstructure. Also included is an
overview of the application of glass ceramics as matrices in composites and the
underlying need for this work. Finally, there is a review of characterisation
methodologies  that is encompasses dynamic  mechanical  analysis,

thermogravimetric analysis and scanning electron microscopy.

2.2 Introduction to glass ceramics

Glass ceramics have been defined as polycrystalline materials [24] that have been
prepared by the controlled heat treatment of suitable glass compositions. Glass
ceramics were first investigated by Stookey at Corning Glass in the 1940s [25].
Many systems of glass ceramics such as Li,O-Al,03-SiO, (LAS), ZnO-Al,03-SiO,
(ZAS), CaO-Al,03-Si0, (CAS) and MgO-Al,03-SiO, (MAS) have been
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extensively studied due to their excellent properties which have been deemed
suitable for advanced applications.

Owing to their brittleness, glass ceramics are limited to applications in which the
mechanical stresses, particularly tensile stresses, are nonexistent or sufficiently low.
Therefore a better combination of high strength, hardness and stiffness is an
essential requirement for the development of competitive composite materials.
Among the recent developments to be considered in this study are magnesium
aluminosilicate (MAS) and lithium aluminosilicate (LAS) glass ceramics. In this
study MAS and LAS glass ceramic systems will be used to evaluate the feasibility

of utilising glass ceramic fibres in polymer composites.

2.2.1 Glass ceramic MAS (MgO-Al,03-SiO,) system

Glass ceramics with a very low coefficient of thermal expansion (CTE), good
mechanical properties and high chemical durability can be obtained by tailoring
compositions in MAS glass ceramic systems [16, 26-28]. It has been reported that
systems containing cordierite as a major phase possess a high modulus of elasticity.
Thus, MAS glass ceramics have been widely used in applications that strictly

require high resistance to thermal shock accompanied with high Young's modulus.

Figure 2.1 shows a phase diagram of the MAS glass ceramic system [29]. The main
phase of the glass ceramic investigated in the MAS system has been based on
cordierite (2Mg0-2Al1,03-5Si0;). Other crystalline phases, including clino-enstatite
(MgO-Si0,), cristobalite (SiO,), forsterite (2MgO-SiO,), mullite (3Al,03-2Si0,)
and spinel (MgO-Al,O3) were also produced in minor proportions in some
materials [Strand, 1986] and which depend on the percentage of MgO or Al,O3

during the preparation of those glass ceramics.
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Figure 2.1: Phase diagram of the MAS glass ceramic system [29].

In general, devitrification of this system begins with the precipitation of metastable
B-quartz followed by two main phases, for example indalite and cordierite [31]. The
precipitation phases depend on the cooling regime and the initial composition of the
raw materials employed. Rawson [32] clarified that the presence of MgO influences
the liquidus temperature which has also been supported by Amista et. al [33] by
reporting that a high content of MgO lowers the temperature of crystallisation.
Moreover, crystal growth was markedly affected by small changes in composition
and as a consequence the mechanical properties of the material were also affected
[25]. However, it was not completely clear from the results which phases were
formed in the system due to the sensitivity of the temperature of heat treatment and
dwelling time. The ratio of the raw materials is subject to certain limitations as
reported by McMillan [24] in Figure 2.2. A cordierite composition can occur
anywhere in the shaded area. It may be further debased by the addition of fluxes to
aid melting, and nucleating agents to aid crystallisation. Nucleation temperatures
were reported within a range of 850°C-900°C and subsequently the glass ceramic
systems were heated to temperatures of up to 1250°C to allow the development of
desired crystal phases. Table 2.1 summarises the composition and crystallised

phases in the MAS glass ceramic system.

SiO;
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Figure 2.2: Glass ceramic forming regions in MgO-Al,O3-SiO, system [24].

2.2.2 Glass ceramic LAS (LiO,-Al,03-SiO,) system

LiO,-Al,03-Si0, glass ceramic (LAS) is a glass ceramic with several desirable
mechanical properties. High visible transparency [34-35] and extremely low
thermal expansion coefficient [21] makes LAS a versatile material. The surface
roughness of this group has also been studied by Kim and co-workers [36] as the
surface quality offered by this system may permit its use as a substrate in electronic
devices [37]. In contrast to MAS system, this type of glass ceramic was introduced
in the early 1960s in a number of studies involving crystallisation and

microstructural evolution [38-39].
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Table 2.1: Examples of composition and crystallisation temperatures in the MAS glass

ceramic system.

N Nucleating | Crystallised | References
Heat Treatment Covrctp ?;:)t)lon agent phases
Tempe(rr?)ture °C wt (%)
SiO, | MgO | AlLOs
1275 (20) 51.2 13 35.8 TiO, (9.8) Cordierite, [31]
Rutile,
Mullite
1200 (3) 514 | 88 28.9 TiO,(10.9) Cordierite, [16]
Aluminum
titanate
1150 (1) 52.4 14.7 20.3 TiO,(9), Cordierite, [28]
Li,O (1.8), Rutile
Na,O (1.8)
1200 (1) 64.8 9.3 185 TiO, (7.4) p-Cordierite, [40]
a- Cordierite
1000 (2) NM NM NM TiO, (NM) Cordierite [41]
Mg,Al,SisO1s
(MAS)
1200 (2) 20-40 | 10-20 | 15-35 | TiO,(5-10) | Cordierite, [17]
Cristabolite,
Aluminum
titanate,

*NM = Not Mentioned

Numerous studies [34, 42-43, 19-20] have been conducted to determine the
crystalline phases formed during nucleation and crystallisation stages. Most of the
studies concluded that LAS system had an attractive composition as an alternative
material for application where a low CTE was required. The solid solution of j-
quartz (Li,O-Al,03-2Si0y,) is the cause of very low (or zero) thermal expansion in
this system. The transformation of this phase to a spodumene phase occurs between
the temperatures of 900°C-1000°C [44]. Both of these phases are extensively used

and studied among the phases that have been found to be controlled by this

11
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characteristic. For this reason, LAS system is usually employed as a glass ceramic
matrix in composite applications [18, 45-46].

Figure 2.3 shows a phase diagram of LAS glass ceramic system [44]. The main
glass ceramic phase investigated in the LAS system has been based on -quartz
(Li,O-Al,03-2Si0;) or B-eucryptite (LiSi-AlO4) including B-spodumene (Li,O-
Al,03-4Si0;). The precipitation of these phases is found to depend on the nature of
the nucleating agents and the heat treatment temperature used [25]. These phases
were produced in glass ceramics by controlling the crystallisation of parent glasses.
This is subject to the estimated ratio of the composition within the range of 55-70
wt% SiO,, 15-27 wt% Al,O; and 1-5 wt% Li,O by incorporating suitable

nucleating agents [44].

Since this has shown improvement of the properties [11, 22-23], a few studies have
introduced LAS as materials for the fabrication of glass ceramic fibres. This has
contributed to greater knowledge for the fabrication of glass ceramic fibre

reinforced polymers (GCFRP).

B- Spodumene s s

s

Figure 2.3: Phase diagram of LAS glass ceramic system [44].
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2.2.3 Properties of glass ceramics

Arun [47] reported that the mechanical properties of glass-crystal composites are
generally very poor in comparison with glass ceramics. Generally, the crystal size is
considerably smaller in the glass ceramics. Glass ceramics as a class therefore
consist of relatively strong materials; in general the strength of a polycrystalline
ceramic increases as the crystal size is reduced [32]. This is because of a very
uniform particle size distribution and near-zero porosity. Besides being stronger, it
also possesses higher fracture toughness relative to the parent glass primarily
because of the deflection of fracture fronts around the crystalline particles. These
crystals control the flaws and slow down the rate of crack propagation [48] which
can relate to the Griffith (1920) equation [24];

o= 2By [2.1]
7iC

where E is the elastic modulus, y is the fracture surface energy, and c is the length
of the critical flaw. The coefficient of thermal expansion can be as low as zero
because the properties controlled by adjusting the composition have superior

abrasion resistance to normal glasses.

The strength of the MgO-Al,O3-SiO, glass ceramic depends on whether cordierite
can develop as the major crystal phase. Cordierite glass ceramics can possess
strengths of up to ~250MPa and the clino-enstatite materials have shown even
higher strengths up to 350MPa. The strength of E-glass and S-glass were reported
around 3.5GPa and 4.6GPa, respectively [14]. Glass ceramic with a very low
thermal expansion coefficient can be made by choosing the composition of the
MgO-Al,O3-Si0O, system [32] with cordierite as the major crystalline phase present
in the MAS system. Although a number of studies have specifically examined the
relationship between nucleation and crystallisation in the MAS glass ceramic
system, a literature survey revealed that little investigation of mechanical
properties, especially on the Young's modulus and strength, has been reported to
date.

13
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Studies by Wange et al. [16] and Shao et al. [17] using combinations of the
composition MgO-Al,03-SiO, nucleated with TiO, showed very interesting

mechanical properties (Table 2.2) compared with commercial glass fibre.

Table 2.2: Properties of MAS glass ceramic compared to standard glasses used in
composites reported in selected references.

Materials Young's Modulus Hardness Reference
(GPa) (GPa)
E-glass (electrical 72.4-76 52 [49]
fibre)
S-glass (high 84-88 5.7 [49]
strength fibre)
MAS glass ceramic 139 9.5 [16]
(bulk form) 137 8.5 [17]

Wange et al. [16] reported that at 1080°C low quartz was found to be the dominant
phase, before transforming to cordierite at 1200°C, resulting in a high modulus of
139GPa, and 9.5GPa for hardness. On the other hand, Shao et al. [17] observed the
maximum elastic modulus of 137GPa accompanied by a microhardness of 8.5GPa
and a density of 2.924g/cm® when the glass was heated at 1100°C. Cordierite and
low quartz phases were identified for achieving high strength glass ceramic. Moduli

were measured using the pulse-echo method with an ultrasonic tester.

However, LAS with a main crystalline phase of B-spodumene has a low CTE, a low
strength of approximately 100-140MPa [24-25] and a high crystallisation
temperature. The low CTE is likely to result in circumferential tensile stresses in
the residual glass phase around the crystals. Similar findings have also been
reported for strength with different nucleating agents [50]. Serbena and co-workers
[19] used nanoindentation and pulse-echo method to measure the Young’ modulus
of sintered LAS glass ceramic. The result showed that the modulus measured by
nanoindentation (74.7 GPa) is slightly equivalent with that measured by the pulse-
echo instrument (81.5 GPa).

14
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A nanoindentation technique will be used in this present study to determine the
mechanical properties in bulk systems due to the brittleness of the materials [51-53]
with Young’s modulus of glass fibre measured by the ultrasonic technique. This is
also seen as one of the alternatives to minimise the amount of damage on surface
fibres during handling in measurement [54]. The results of the Young’s modulus of
glass fibre are expected to slightly increase or to approximate that of the bulk
system [55]. This is related to the linear contraction within the glass which causes
compaction and density increase after subsequent heat treatment [56]. Therefore,
the acoustic method is used as a selection tool for accurate measurement. An error
often appears from scattered attenuation of elastic waves due to internal defects
such as cracks or porosity [57, 47] which are related to the object’s geometry or
material composition of the sample. Furthermore, the glass ceramics are known as
less porosity or zero porosity materials, as this material is produced by a glass route

without involving pressing or sintering.

Table 2.3: Properties of LAS glass ceramic with the addition of nucleating agents

[25]
Nucleating Main crystalline Bending Thermal Density
Agent phases strength Expansion (glem™)
(MPa) aX10’
TiO, Spodumen, 100-130 0-10 2.48-2.57
eucryptite, high
temperature quartz
(ss)
P205 Li,0.2Si0, Up to 400 100 -

As mentioned earlier, heat treatment processes associated with the changes in
properties include density [55]. Goswami et al [159] studied MAS system and
concluded that the density of the glass ceramic depends on the controlled heat
treatment. As a consequence, the heat treatment develops densification of the glass
[56]. Other factors also induce the degree of formation of different phases which
depends on the glass composition, as reported by Zdaniewski [40] and Shao et al.
[17].

15
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2.3 The formation of glass ceramic

The first stage in the formation of glass ceramics is producing a glass from a
selected composition and subsequently crystallising the glass by controlled heat
treatments. This heat treatment comprises two steps; crystal nucleation and crystal

growth as shown in Figure 2.4 and Figure 2.5.

2.3.1 Nucleation and crystallisation

Generally, nucleation promotes formation of nuclei in a glass [24]. Nuclei are
uniformly dispersed throughout the bulk of the parent glass through the process of
crystallisation [30]. The conversion starts when melted elements are cooled at a
constant temperature, where the lattices are less ordered and may be considered
amorphous. Nucleating agents further initiate nucleation of crystals when the
glasses are further thermally treated. The nucleation occurs when the glass is heated
to the nucleation temperature for a period of time before reaching the crystal
growth temperature. Bulk crystallisation depends on the density of nuclei which can

be obtained either through homogenous or heterogeneous nucleation.

Melting

1600
o
E
T
£ 1200
5
E. .
5 200 Fcrrmattcrfl Crystallisation
= 7 of nuclei

Annealing
400

Time

Figure 2.4: Idealised heat treatment schedule for a glass ceramic [24].
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Homogenous nucleation occurs with no preferential sites for nucleus formation.
However, Strand [30] reported that such cases were rarely found, because in a real
phase it is possible to incorporate defects, e.g. foreign surfaces, grain edges and
impurities which occur during the experiment. In contrast, heterogeneous
nucleation involves formation of the nuclei of new phases on the surface of an
already existing phase boundary, which is more generally observed. Bulk
nucleation could occur at random times and locations as well as surfaces [47].
However, Strand [30] acknowledged that most glasses showed only surface
nucleation because of the low density of nuclei formed on the surface and the
generation of crystal growth from the surface towards to the centre due to the
addition of nucleating agents. The methodologies of preceding studies [41, 58-60]
have reported the temperatures, base compositions, additions of another
components and amorphous phase separations that have been used to achieve fine
glass ceramic crystal phases. These parameters can be used to pre-determine the

processing conditions for MAS and LAS glass ceramic fibres.

)l e 6 - Glass
@ ° Qe
?
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—  Crystallite

Crystal

Figure 2.5: Schematic of a) nucleation and b), ¢) crystallisation in glass ceramic
[61].
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It is clear that the process involved in the heat treatment of polycrystalline solids is
much more intricate than that of amorphous materials. The process for heat
treatment is also dependent on the phase separation of the glass ceramic system

[62]. This phase separation occurs in two mechanisms:

1) Precipitation of the crystal (nucleation and growth);

2) During changes in composition between two phases until the immiscibility

boundary has been reached, which is called ‘spinodal decomposition’.

Different morphologies develop as the result of these mechanisms of phase
separation. Figure 2.6 shows an example of the morphology of phase separation due
to nucleation and crystallisation. The microstructure of the nucleated sample has
similarities with that of the crystallised sample. The phase separation occurs since
crystals grow individually, nuclei remain isolated and the second phase formation
appears to be liquidus. This second phase will appear as isolated spheres of one
equilibrium composition due to the surface energy being minimized and dispersed
randomely throughout the matrix of the other equilibrium composition. A low local
connectivity of spheres may appear since the nucleation and second phase occur
randomely within the melt. This only happens when two neighboring spheres

overlap.
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Figure 2.6: Scanning electron microscopy shows ‘spheres in matrix” morphology
[62].

In contrast to that, the spinodal decomposition represents a second phase with a
high degree of connectivity and regularly distribution, as illustrated in Figure 2.7.
This morphology was referred to as the interconnected region. Therefore, the
results obtained from the selected temperatures and dwelling time make the

corresponding heat treatment useful for making qualitative descriptions.
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Figure 2.7: Micrograph of spinodal decomposition with an interconnected

morphology [62].

2.3.2 Nucleating agents

Various nucleation agents have been applied in glass ceramic systems. Titanium
dioxide, TiO; is predominantly used in glass ceramic MgO-Al,03-SiO, systems and
in other systems as well. This nucleating agent is soluble in molten glasses.
However, during cooling or subsequently reheating, large numbers of sub-micron
particles are precipitated and utilised in the development of major crystal phases.
The preferred nucleating agents for cordierite based glass ceramics are TiO, or
combinations of TiO, and ZrO, [30]. According to Zdaniewski [40] TiO, causes
glass formation during glass separation and leads to the crystallisation of cordierite.
Phases in glass ceramic MAS system nucleated with TiO, are summarised in Table
2.1. McMillan [24] reported an efficient and fast nucleating process with TiO, used
as a mixture with a total mass between 3-5wt%. TiO, was reasonably soluble in
silicate melts since 20% or more of this oxide can be dissolved and markedly lower
the viscosity of the glass melts [63]. Shyu and Wu [63] reported that the addition of
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TiO, improved the nucleation and crystal growth, in agreement with the work of
Mingsheng et al. [64] which reported that phase separation and crystal seed
increased with the increasing content of TiO,. Moreover, Gir and Ozturk [65]
showed that an additional 2wt% of TiO, initially altered the elastic properties of the
parent glass. Furthermore, Wange et al. [16] added 10.9wt% and facilitated an
increase in Young’s modulus up to 137GPa. Many researchers have obtained good
mechanical properties by adding TiO, to the glass [16-17, 28, 31, 40]. Shao et al.
[17] used TiO, as a nucleating agent in MAS glass-ceramic and treated it to 1100°C
for 2 hours, producing a maximum elastic modulus of 137GPa accompanied by a
microhardness of 8.5GPa.

A study by Guo and Yang [66] concluded that the presence of fluorine promotes -
spodumene without transformation from p-quartz at lower crystallisation
temperatures. A study by Khater and Idris [67] reported that a low content of TiO,
greatly affects both the crystalline phase composition and the uniform fine-grained
microstructure. Development of B-spodumene has been seen at the earliest stage of
crystallisation and has lowered the crystallisation temperature. In contrast, the
addition of small quantities of ZrO, retarded the formation of B-spodumene but still
produced a very fine-grained microstructure. Moreover, crystal growth was
markedly affected by small changes in composition and as a consequence the

mechanical properties of the material were also affected [68].

Therefore, the choice of nucleating agents can have a marked influence upon the
crystal phases present in the final glass-ceramics. One possible explanation for the
high strength of MAS glass-ceramic is the role played by the nucleation agent in the
development of crystal phases during heat-treatment.
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2.4 The studies of glass ceramics fibre

Reinforcements are constituents in composite materials that are embedded into the
matrix in order to enhance or reinforce its mechanical properties. In most cases, the
reinforcement is harder, stronger and stiffer than the matrix, although there are
some exceptions [69]. Despite serving as a purely structural member as they impart
high strength and stiffness in the matrix it may also be used to change physical
properties such as wear resistance, electrical resistance, friction coefficient, or
thermal conductivity [37]. However, the effectiveness of the reinforcement is
dependent on the geometry of the reinforcing phase; or in other words, as
mentioned by Mathews and Rawling [69], the mechanical properties of composites

are a function of the shape and dimensions of the reinforcement.

High modulus of elasticity is desired in component design where glass ceramic
fibres are used for reinforcing polymers. Despite these good properties, they are
hard to prepare due to the high melting and forming temperatures, large
crystallisation tendency and complex processing, phase separation on cooling and

compositional changes.

Glass ceramic materials have attracted researchers due to their wide range of glass-
forming compositions and properties [70-71]. Several studies have suggested that
controlled heat treatment has an important role in modifying the properties of
various glass ceramic systems depending on the temperature regime, base
composition, addition of other components, amorphous phase separation and the
mechanisms of heat treatment [9-10, 25, 30, 72]. These factors affect preparation of
the nuclei (nucleation stage) which should be sufficiently ordered in order to
promote the crystal growth (crystallisation stage) in a stable manner. These
parameters can determine which melts will form glasses on cooling and therefore

also determine the processing conditions for a glass ceramic fibre.

A study by Booth and Rindone [6] comprised the crystallisation characteristics of
untreated and AgNOs;- treated fibres. Their findings indicated that the

crystallisation behaviour was controlled either by a growth process or a nucleation
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process, depending on whether the temperature was below or above peak

crystallisation, respectively.

In 1976, Stringer and co-workers [73] prepared a glass ceramic fibre from an
aluminoslicate system. This fibre had a microcrystalline interior and a relatively
amorphous outer surface layer which was obtained by a coating of potassium nitrate
and was heat treated at two heat treatment regimes. These were between the
temperatures of 400°C to 420°C and 490°C to 525°C. The strength of the glass
ceramic fibre was 38% higher at the higher temperature range than at the lower heat
treatment. These results supported the finding that the additional surface coating on
the glass ceramic fibre contributed to the value. The modulus was also slightly
higher by 3.5%, due to the precipitation of phases that did not cause any

considerable changes with the different temperatures employed.

One of the earliest works on glass ceramic fibres was conducted by Jones and
McMillan [8] on a lithium disilicate system. They both agreed that the tensile
strength of glass ceramic fibres decreases with the crystallisation time for any given
temperature of crystallisation. This is due to the influence of the size of flaws. They
proposed that the size of flaws increased due to the volume change which occurred
during crystallisation where large residual stresses developed. However, the
modulus inversely increased with the increase in crystallisation temperatures. This

has been related to the development of the phases within the glass ceramic fibre.

The study of Yuan et al. [74] investigated the effect of crystallisation on the
mechanical properties of a Li-Al-B-Ti-Zn-silicate system glass ceramic fibre. Their
study indicated that tensile strength and alkali resistance were affected by phase
separation, nucleation, crystallisation and microcracks. They suggested that the
properties of the glass ceramic fibre could be optimised if the temperatures of phase
separation, nucleation and crystallisation were closely controlled. Additionally,
these parameters led to a finer size of crystallites. They also discovered that both
properties could be increased by characterising the glass ceramic fibre at low
temperatures (near to Ty) and covering the surface of the fibre with a suitable

coupling agent during the heat treatment.
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Raju [75] used pegmatite obtained from lepidolite mica and prepared the fibres by
pulling them out from the melt using alumina rods before heat treating them at
different temperatures and durations. The results from DTA, X-ray and SEM
analyses were compared with as-cast glass of the same composition. The Vickers
microhardness of these fibres was higher and they had fewer pores than the parent
and as-cast glasses. It was summarised that initial phase separation had taken place
during fibre drawing which led to crystal formation and did not cause any

appreciable changes at high temperature in comparison to as-cast glass.

Ashbee [7] extruded oriented SiO,-LiO-ZnO glass ceramic fibres near to the
crystallisation temperature before fibre drawing. The volume fraction of oriented
crystals was observed to increase even after drawing process. Moreover, significant
enhancement in Young's modulus was also observed. Onishi et al. [12] prepared a
glass preform with different compositions of Bi-Pb-Sr-Ca-Cu-O glass ceramic and
softened it before successfully drawing it into fibres with smooth surfaces and
without observed porosity. In contrast, Sakamoto and Yamamoto [11] used
crystallised LiO2-Al;03-SiO, (LAS) preforms in order to study the drawing
formability. The LAS glass ceramic capillaries drawn from the crystallised preform
showed a low thermal expansion coefficient and excellent mechanical properties.
They expanded on their work [22-23] in order to produce silica glass ceramic
single-mode optical fibres (GC-SMFs). An excellent high-temperature resistance
(~500°C) has been achieved. Attention has been drawn to the use of glass ceramic

fibres in superconducting applications.

Hirose et al [76] and Komatsu et al. [77] used a Bi,Sr,CaCu,Oy system to develop
and investigate the resistivity of Bi-based fibre glass using glass ceramics. Glass
ceramic fibre has thus shown progress in superconductivity by controlling the

microstructure, which depends on the annealing temperature.
Hu et al. [78] took a further step with Bi,Sr,CaCu,0y system by studying the effect

of Al,O3 on the fabrication of glass ceramic fibres. A glass preform was used to

draw fibres above the crystallisation temperature. It was found that the fibres
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successfully drawn over 100cm in length were consistent in diameter and circular
shape (Figure 2.8(a)).

(b)

Figure 2.8: Micrograph of a) drawn fibre of circular shape and b) after heat
treatment [78].

The Al,O3 played a role in controlling the transition and crystallisation
temperatures [79] but was not significantly applied to a glass working range.
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However, issues involving shrinkage and distortion arose during the heat treatment
process due to the addition of Al,Os, as shown in Figure 2.8(b).

Tick [80] studied passive scattering losses on SMFs and developed [81-82] high
transparency glass ceramic fibres. This work suggested that the distortion of glass
ceramic fibres might be due to heat treatment. They suggested that appropriate heat
treatment ranges need to be determined experimentally. They also proposed that the
ceramming process should be limited to less than one hour in order to avoid the
possibility of distortion. These suggestions agree with Samson et al. [82] and Liu et
al. [83] whose studies found that the strength and ease of handling of glass ceramic
fibres is highly dependent on the details of the particular heat treatment schedule

used.

Although the various parameters for heat treatment are well understood and have
been studied by several researchers as mentioned above, the factors affecting
strength in glass ceramic fibres remain unclear. Thus far, some of the details of the
relationship between properties and structure remain to be determined. With
estimated thermo-mechanical data, it is now possible to identify some of the factors
that lead to the development of glass ceramic fibres for high temperature

applications.

2.5 Strength of glass fibre

2.5.1 An overview of fibre strength analysis

It has been has been reported earlier that microscopic flaws critically affected
mechanical properties, especially fibre strength [24, 84]. Strength measurements
tend to have a relatively large scatter in data due to several factors [85] including
the quality of raw materials, surface and heat treatment, thermal history, handling
procedures, fabrication and test methods [55,86-88]. Kurkjian [89] presented a
diagram representing the relationship between the strength of a glass and its flaws.
The presence of these flaws were categorised as being pre-existing or introduced by
the application of the material (Figure 2.9).
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Figure 2.9: Diagram of variation in strength with flaw size for several different

glasses and common glass objects [89].

Scatter in the strength values may be explained by the existence of a distribution of
flaws of various lengths of the fibre [90-91]. The earliest study by Griffith on
strength was conducted in 1921 [92]. He assumed that the materials are
homogenous, linearly elastic, and isotropic and that the applied stress is constant
and the presence of narrow elliptical internals crack. The study suggested that the
apparent strength of glass is more severely affected by the existence of surface
flaws rather than internal flaws. As given by Equation 2.1 in Section 2.2.3, the
presence of a fracture is due to the concentration of stress on a crack tip as an
external load is imposed. Hence, propagation of cracks leads to fracture. Therefore,

it may be assumed that strength is not an intrinsic material property of the glass.

In addition, it can be seen that pre-existing cracks are related to the size of samples,
that is the fibre diameter [93]. This study on wool fibre suggested that the tensile
behaviour of fibres is closely related to variations between and within fibre
diameters. Zhang and Wang [94] reported that the results of the tensile strength
were visibly affected by fibre flaws and geometrical irregularities which hence
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required alteration of the Weibull model to produce a prediction gauge length effect
with precision. In the present work, this Weibull model is not covered.

This literature study shows a possible difference in values between practical and
theoretical strengths, where the practical strengths tend to be lower. Despite the
numerous studies mentioned above, few studies have been undertaken on the

strength of glass ceramic fibres.

2.5.2 Weibull distribution

Measured strength exhibits a statistical distribution, which may be explained by the
existence of a distribution of flaws along the fibre length [92, 95]. Therefore a
statistical method was used in which a set of single fibres at different gauge lengths
were tested to measure their strength. The Weibull distribution most frequently

used for predicting the probability of glass fracture due to a given stress [96].

The majority study of the fibre strength tested often shows a dependency on the
gauge length tested as low as 20um [97] as compared to the fibre diameter. The
tensile strength of fibres was observed to fall with the increasing gauge length as
reported by [90, 98-99]. This trend has also been reported by other researchers
[100-101] related to the increase in flaw population, which is directly related to the
amount of damage sustained by the surface during handling. In addition, Naito et al.
[102] suggested that flaws are likely to occur due to the presence of micropores.
This hypothesis was supported by Anderson et al. [103] and was found to be
responsible for much of the variation in fibre strength, which hence required

alteration of the Weibull modulus.

A statistical analysis of the fibre strength was performed using the two-parameter
Weibull probability [96]. This is based on ‘the weakest-link theory’ and assumes a
random location of independent flaws causing mechanical failure. The probability

of failure, Py, is defined as:
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br=1-exp[- () ()] 22

lo

Where Ps is the probability of failure in a length I at the applied stress o7, which is
the fibre stress at a length lo, oy is a scale parameter and m is a shape parameter or
Weibull modulus. This is the two-parameter Weibull distribution that was used in
the analysis of the strength data. The two parameters (m and o) were determined

experimentally by loading a sample of the material until failure occurred.

The slope of the Weibull modulus is determined by first rewriting Eq [2.2] as:

In [ln (1_1;0f)] = min(oy) + In(l) — ming, [2.3]

Hence, if In(o) is plotted against the left-hand side of Eq. [2.3], the gradient from
the line appears as the Weibull modulus, m and the characteristic strength, oz is
obtained from the intercept. The stress at failure is measured and then the
probability of failure (and Weibull parameters) can be determined from a dataset,
N. The probability of failure, P; for a series of N samples is based on ranking the
failure strength of the fibres from the weakest to the strongest. This ranking was
calculated by [104]:
i—05

R “ N [2.4]

where i =1, 2, 3... N, and P; indicates the probability of failure corresponding to
the ith strength value. These estimators have often been used by Zafeiropoulus and
Baillie [105], Thamae et al.[106] and Feih et al.[107] where the definition of (i-
0.5/N) produced the least biased m value [108] and did not significantly change the
parameters. A study by Faucher and Tyson [109] concluded that a minimum of 30
specimens are sufficient for a good characterisation of the strength of a brittle
material in order to assure the reliability of the estimated Weibull parameters.
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2.6 Glass ceramic fibre reinforced composites

2.6.1 An Overview of glass ceramic composites

As the term implies, glass ceramic composites have glass ceramic matrices
reinforced with fibres. In recent years, glass ceramic is a common matrix material
that has been intensively investigated [46, 110-113]. The increase in the popularity
of glass ceramic materials is due to their unusual combination of properties [21].
An additional benefit of this material is the ease with which it can be produced at a
relatively low process temperature using glass manufacturing routes. Properties that
have made glass ceramic materials desirable as a matrix in comparison to other
matrix materials include low coefficients of thermal expansion (CTE), high
mechanical strength, high abrasion resistance and excellent thermal resistance [44].
Hence, it has received special attention for its use in many structural purposes such
as in aerospace applications, such as randomes and solid oxide fuel cell (SOFC)
sealants [24,114]. These materials have been particularly attractive in terms of

absolute stiffness and strength.

The most common of the commercially successful glass ceramics is LiO,-Al,O3-
SiO; (LAS) with different additions of nucleating agents. A great number of studies
[45-46, 115-116] have aimed towards the development of main crystalline phases
which are solid solutions of B-quartz or B-eucryptite and B-spodumen in order to
achieve desired properties, especially CTE with an almost zero value. This
remarkable property makes LAS easily matched with bonding materials. The
increased interest in the use of MgO-Al,03-Si0, (MAS) system as matrices in
composite materials has paved the way for increased research activities in the field
for high temperature applications [3-4, 117-119]. Interest in this glass ceramic
system continues because cordierite, the main crystalline phase, appears to impart
excellent mechanical strength, low thermal expansion, stability at high temperature,

good dielectric properties and transparency to radar waves [30].
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Many research activities in recent years have focused on understanding of the
mechanical behaviour of these glass ceramic materials as matrices but not as
reinforcements. This is due to the nature of challenges in the fabrication of glass
ceramic fibres which are often too fragile to easily apply in composites. The
primary function of a reinforcing fibre is to increase the strength and stiffness of a
matrix material so that the resulting part can satisfy the design requirements or
replace an existing part with equivalent strength, stiffness and lower weight [120].
Literature regarding the development of glass ceramics as matrices suggests that
there are potential applications in the structural sector where low density materials
with high temperature capabilities are needed. Unfortunately not much work to date
has been undertaken in glass ceramic fibre reinforced composites except those with
metal matrices. Stringer and Jones [73] tested several samples fabricated with
various pressing methods on glass ceramic fibre reinforced tin. The fibres produced
from recrystallised lithia/silica glass were infiltrated with molten tin in a mould.
Results revealed that the composites were stronger than the unreinforced metal by
50%. Since the work of Stringer and Jones, very limited the data has been made
available for glass ceramic fibre reinforced polymer (GCFRP) in comparison to
glass ceramic matrix composite. This thesis has been motivated to continue the
study of GCFRP and thus compile information about the mechanical and structural
performance of these composites. This has been done from the perspective of the
storage modulus, as measured using dynamic mechanical thermal analysis (DMTA)
and through observation of the glass ceramic fibre/matrix interphase. Although the
study of glass ceramic fibre composites is limited, the literature related to the

interphase of glass ceramic matrices is more abundant.
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2.6.2 Property characterisation

A brief review of the methodologies used in this study for characterisation and
analysis are provided in this section. The description of analytical equipment has

also been mentioned.

2.6.2.1 Dynamic mechanical thermal analysis (DTMA)

As mentioned earlier, this approach proved necessary because of the limited
dimensions of the GCFRP composites produced. Moreover, this method remains a
favourable way to evaluate a composite’s high temperature performance, interphase
and provides a comparison of the moduli as a function of temperature [121-125].
Most of reported results in thermal analysis are taken from the measurement of Tj.
This is performed by dynamic mechanical techniques, in which the modulus and
damping are measured [126]. Dynamic mechanical analysis has the advantages of
offering excellent sensitivity when studying glass transition phenomena and the
ability to detect all secondary motion transitions at low temperatures which
influence impact resistance of materials [127-128]. Moreover, the modulus curve
can be used to interpret structural properties including molecular weight, degree of
crosslinking and fibre/matrix interfacial bonding [129].

DMTA is a technique for measuring viscoelastic phenomena. DMTA results are
expressed by three main parameters: (i) the storage modulus (£°), corresponding to
the elastic storage modulus indicating the elastic storage of energy; (ii) the loss
modulus (£”), a measure of the dissipation of energy and (iii) the loss tangent (tan
0), which is defined as (E/E”) ratio, useful for determining the occurrence of
molecular mobility transitions such as the glass transition temperature [127]. Kuzak
and Shanmugam [129] studied the effects of postcuring on storage modulus and tan
o using glass-reinforced phenolics. The specimens were tested using dynamic
mechanical analysis. The results showed that the un-postcured reinforced sample
had a slightly higher E~ after the T4. This is due to the fact that the material
encompasses strong fibre/matrix interfacial bonding. However, tan 6 was lower due
to the rigidity of the interface. Therefore, the glass transition temperature (Tg) has

become an accepted criterion as a diagnostic aid. This criterion can be correlated to
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the mechanical properties of a composite, the chemical structure of its matrix and to
the performance of the material under selective environmental conditions [130]. As
many end product properties are ‘Tq-related’, the achievement of a single Ty in a
compatible blend can contrast sharply with two or more Ty values in incompatible
blends [126], which may also be applicable to composites. Moreover, the
relationship between the modulus and temperature depend on their structure and
processing conditions. These include the environmental absorption of water, which
may cause degradation of mechanical properties, including swelling, formation of

internal stresses and possible lowering of the glass transition temperature [69,131].

2.6.2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) with a sensitive balance is used for measuring
the weight changes of the substances as a function of temperature or time. It may be
used to determine the decomposition temperature, as shown in Figure 2.10 [48].
The differences in weight denoted with AW [initial weight, W; — final weight, W,]
are used in quantitative calculations. Yee and Stephens [132] developed this
method to measure the fibre volume fraction, which agreed with results obtained by
conventional methods. Moreover, this method used comparatively less time and a
lower mass of materials. Moon et al. [133] measured the fibre content in
composites with results that were in good agreement with standard digestion and
ignition loss methods. This method has been documented in ASTM Standard E1131
[134] and analysed using ASTM D3171-99 [135], as described in CHAPTER 4.
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Figure 2.10: Schematic of decomposition reaction [48].

2.6.2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy was used in this study to observe fractured samples.
These observations focused on the fibre/matrix interface and related to the
properties of the composite. The interface between the matrix and reinforcement
have an intense effect on the composites materials [115, 136-137, 1986; 138-140].
This can be illustrated by Figure 2.11 which shows a schematic diagram of the
fibre-matrix interface and all of its components within a circular region called the
interphase [141]. Herrera-Franco and Drzal [141] summarised that the interphase
consists of a three-dimensional area of contact between the interface of the matrix
and the reinforcement system and incorporates a finite thickness on both sides of

the interface.
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Figure 2.11: Characteristics of the fibre/matrix interphase in a composite material
[141].

This interphase included a sizing layer. Almost all glass fibres are sized in order to
avoid surface damage, which also functions as a bonding agent between the fibre
and matrix. However, some researchers [142-143] have reported that untreated
glass fibres adhere well to epoxy. This may be due to the acidic nature of glass
surfaces [144]. Glass fibres are normally sized with silanes in order to prevent
surface damage which is expected during fibre handling [145-146] and sizing can
prevent considerable absorption of moisture from the environment [147].

The interphase plays an important the in determining the static and dynamic
properties of composite materials, [148] which are influenced by several factors
during manufacturing [149] including the presence of voids and impurities,
unreacted polymer components, chemical reactions at the interface and variation in
the morphology of the matrix close to the surface of the reinforcement [150]. Low
interfacial adhesion results in a weak interface, which may cause fibres to debond
from the matrix. This may generate voids, which can grow into cracks and

precipitate failure.
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Bansal [110] reported limited improvement in the properties of unidirectional (UD)
composites from glass ceramic reinforced with uncoated SiC fibres produced by
chemical vapour deposition. Fibre volume fractions of 24% were obtained. The
fibre/matrix bonding was tested using fibre push-out, the results of which correlated
well with SEM fractography. SEM observation of fracture surfaces of uncoated SiC
composite samples showed good interfacial adhesion between the SiC fibres and
the glass ceramic matrix. This was sufficiently strong to prevent the fibres from
being pushed out. Compatibility showed a presence of chemical reaction after
composite processing between the two materials. An oxidation by the carbon fibre
contributed stronger bonding at the interface. The ultimate strength of the
unidirectional SiC fibre/SAS (strontium aluminasilicate) composite measured by

three-point flexure was directly influenced by the strength of the adhesion.

Ye et al. [111] embedded short carbon fibres in barium aluminosilicate glass
ceramic (BAS) and BSAS, as well as BAS doped with strontium aluminosilicate
(SAS). These composites were prepared by hot pressing before measurement of
fracture toughness and flexural strength. The results showed that the mechanical
properties increased with reinforcement by a fibre volume fraction of 30% in a
BAS glass ceramic composite. TEM (transmission electron microscopy) revealed
good bonding at the fibre/matrix interface region with BAS and BSAS. Moreover,
the use of SAS as a doping agent was supported by the findings of reduced
mismatch between the coefficients of thermal expansion. In addition, Vicen et al.
[113] found that fibre coatings inhibit interfacial degradation under most of the

temperature conditions used.

36



LITERATURE REVIEW CHAPTER 2

2.7 Concluding remarks

The following conclusions can be drawn from this review:

Glass ceramics are versatile materials that have been widely utilised for
advanced applications due to their excellent mechanical and thermal
properties. However, these properties are strongly influenced by the
composition and development of phases which are dependent on heat
treatment. Recent studies that have dealt with the fabrication of the glass
ceramics have encountered challenges in increasing the strength of these
materials due to their brittle nature and the presence of surface flaws.
Subsequent improvements in control of heat treatment and handling during
fabrication of glass ceramic fibres may simultaneously reduce the severity

of surface flaws and increase the fibre strength.

Recently, glass ceramics have been extensively investigated as matrices in
composites for their low thermal expansion and high mechanical properties.
It has been shown that the use of glass ceramic as matrix systems for the
fabrication of fibre reinforced composites has been well accepted in high
performance applications. It is more focused on the carbon fibre due to the
mismatch in thermal expansion. Based on the literature development of
glass ceramic as matrices, it is seen that there is a potential application in
introducing glass ceramic fibre in composite. Owing to very limited
information available for glass ceramic fibre reinforced polymer (GCFRP),
it has been shown that the fabrication of glass ceramic fibre composites has

been a challenge.

This thesis will focus first on the development of glass ceramic fibre in MAS and

LAS systems. The thermal and mechanical properties of the bulk glass ceramic

system will be evaluated based selection of the parameters heat treatment. The

optimum heat treatment will be selected to fabricate the glass ceramic fibre and will

be tested. The investigation of glass ceramic fibre reinforced composites is

extremely limited. The aim of this thesis is therefore to study the feasibility of the
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fabrication of glass ceramic fibre reinforced composites. In addition, the
relationship between the fibre/matrix interface and the parameters that influence the

material properties will be presented.
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Chapter 3

Fabrication of glass and glass ceramic fibre

3.1 Summary

his section outlines the research methodology used during fabrication work.
TAII the experimental procedures are detailed in CHAPTER 4. It comprises
three main parts, as shown in Figure 3.1. Topics covered in this chapter include:
preparation and characterisation of bulk samples, fabrication of glass and glass
ceramic fibres and preparation of glass ceramic fibre reinforced polymer
composites. This study considers glass systems consisting of MgO-Al,03-SiO;
(MAS) and LiO,-Al,03-SiO, (LAS).
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Figure 3.1: Flow diagram for the processing of glass ceramic MAS and LAS
systems.
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3.2 Preparation of glasses

3.2.1 MgO-Al,03-SiO;, (MAS) glass

The composition of the MAS glass ceramic investigated in this work is shown in
Table 3.1. The batch of the MAS system was prepared using reagent—grade
chemicals supplied by Fisher Scientific, except for SiO, (Loch Aline Silica)
where high quality silica glass-making sand was used. Throughout the study, this
composition was chosen from the literature [16]. This composition has been
selected for its suitability in forming glass ceramic fibres for particular
applications. Previous investigations have reported that is characterised by
excellent Young’s modulus in bulk form. Despite the good depth of study into
this material, there are some outstanding areas of interest related to the
preparation of glass melt and heat treatment processes that are considered by this

study.

Batches of MAS were weighed using a balance with an accuracy of + 0.01g to
produce a 700 gram melt, and placed separately onto brown sugar paper. The
batches were then mixed through manual rolling with a spatula for 5 minutes prior
to storage in polyethylene bags before followed up with the melting stage (Figure
3.29(a-d)). The bag was manually shaken for 1 minute before the mixed batches
being placed in alumina crucibles. They were then calcined overnight at 1000°C +
2°C with a heating rate of 5°C/min in an electric furnace before the melting
process. The purpose of calcination was to avoid thermal shock and to ease the
handling of low density powders, notably magnesium carbonate. During this
process the volume of the batch was reduced, and settled on the bottom of
crucibles. This allowed the batch to be easily handled and transferred to the gas
furnace without encountered possibility of agitation and thus contamination of the

powder.

41



FABRICATION OF GLAS S S AND GLASS CERAMIC FIBRE CHAPTER 3

Table 3.1: Glass composition of MAS system [16].

Oxide Fraction Raw material Supplier Purity
(Wt%o) (%)
SiO; 514 SiO; Tilcon 99
Al,O3 28.9 Al(OH);3 Fisher Scientific >908
MgO 8.8 MgCO; Fisher Scientific >08
TiO, 10.9 TiO, Fisher Scientific 98

The melting process was carried out at 1600°C + 2°C for about 3hours in a gas
furnace for the purpose of refinement in the absence of stirring where it was
expected that a clear homogenous melt would be obtained. An optical pyrometer
was used to ensure similarity between the programmed input (1600 °C) and
melting temperatures. The glass melts were cast onto two preheated steel plates
with dimension 30mm x 15mm x 15mm and then annealed in a muffle furnace to

minimise thermal strains.

S 4
Figure 3.2: Manual preparation of MAS glass a) raw materials, b) mixing using spatula,
c) rolling process and d) storage in polyethylene bag.
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Annealing reduced the thermal stresses that formed during the cooling of the glass
after melting, since the outer surface cooled at a faster rate than the inner surface.
The glass melts were cast as blocks onto the preheated steel plates and were
annealed as specified in Table 3.2 before being oven cooled to room temperature.
As Wange et al. [16] reported, the crystallisation sequence during heat treatment
is dependent on the prior annealing schedule. In this work, two different
annealing schedules were studied here. The cast glass was annealed and then
cooled at 1°C/min. The annealed glasses were observed through a strain viewer to
detect the presence and location of stresses and any flaws or imperfections that
may have caused premature failure. The glass bars were then cut into 15mm X
15mm x 5mm sections for use in the nucleation and crystallisation processes. As-
prepared glass bars were ground using an agate mortar and sieved through a 450

mesh to obtain glass powder for thermal analysis.

Table 3.2: Schedule of annealing temperature of glass ceramics.

Sample Annealing temperature Time (hour)
(°Ct 2°C)
A 700 1
600 1
B 570 2

3.2.2 LiO,-Al,05-SiO; (LAS) glass

The composition and thermal properties of the LAS glass ceramic are not reported
due to a confidential agreement. LAS glass ceramic was chosen for the unusually
low temperature at which its densifies temperature (<1600°C), which enables
fabrication in a low viscosity glassy state with subsequent transformation into a

more refractory crystalline state.

The preparation of the batch was done at the Research Technologist —Materials
Laboratory, ALSTOM. The constituents were initially mixed and purified in the
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presence of ethanol, after which the dried mixture was ground in a ball mill for
one hour. Ethanol was used to entrap impurities and it evaporated without
changing the composition. The mill was also allowed to run uninterrupted for 1
hour for a better mixing. The resulting glass powder was then sieved with alumina
balls through a vibrating fine mesh screen. The prepared batch was then melted in

a platinum crucible.

3.3 Heat treatment route of bulk glass

3.3.1 Nucleation and Crystallisation

In this study, two heat treatment steps were imposed on both glass systems.
Figure 3.3 shows a schematic of a two-step heat treatment schedule to produce a
glass ceramic. The first heat treatment step was a nucleation process that caused
localised crystallisation. This was accomplished by holding the glass at a
temperature between the glass transition point, Ty and the crystallisation point
[24] to allow the formation of the required density of crystal nuclei. The second
crystallisation heat treatment was carried out to promote the growth of nuclei in
order to fully convert the substance to its glass ceramic phase. The selection of
heat treatment temperatures for MAS and LAS system were based on DTA

curves in Figure 5.1 and Figure 5.2, respectively.

The nucleation and the crystallisation of MAS and LAS glasses temperatures are
shown in Table 3.3 and Table 3.4. The heat treatment of MAS glasses were
carried out in Glass Laboratory, Department of Materials Science and
Engineering, The University of Sheffield and LAS glasses in Research
Technologist —Materials Laboratory ALSTOM, respectively. Samples with 5 mm
thick cross-sections were cut from the parent MAS glasses and arranged in an
electric furnace. The samples were heat treated to the nucleation temperature
720°C £ 2°C for 3 hours at heating rate of 5°C/min and subsequently cooled to
room temperature at a rate of 1°C/min. Further heat treatments were carried out at
different crystallisation temperatures between 800°C + 2°C and 1140°C + 2°C

with a heating rate of 5°C/min and cooling rate of 1°C/min. The glass ceramics
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were then cooled to room temperature. Any visible changes onto samples were
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Figure 3.3: Schematic of preparation of MAS glass ceramic.
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Table 3.3: Heat treatment schedule of MAS glass systems.
Heat Temperature Heating/Cooling Dwelling
treatment o rates time
stage (C)
(°C/min) (h)
Nucleation 720 Heating : 5 3
Cooling : 1
800 2
850 2
Crystallisation 900 Heating : 5 2
950 Cooling : 1 2
1000 2
1140 2
Table 3.4: Heat treatment schedule of LAS glass systems.
Heat Temperature Heating/Cooling Dwelling
treatment rates time
(°C)
stage (°C/min) (h)
Nucleation 500 Heating : 5 100
Cooling : 1
750 Heating : 5 2
Crystallisation 950 Cooling : 1 2
T, : 600 (2hr); T¢: 750 (2hr)
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3.4 Fabrication of MAS and LAS glass ceramic fibre

3.4.1 Melt drawing MAS fibre

3.4.1.1 Molten glass

1000 gram batches of MAS were weighed and calcined overnight in alumina
crucibles at 1000°C + 2°C as described in Section 3.2.1. The melting process was
carried out in the Materials Laboratory, ALSTOM. Calcined batches were then
placed in platinum crucibles and melted at 1600°C + 2°C for 12 hours in an
electric furnace (Carbolite 1800) to remove bubbles and ensure the formation of a

clear homogenous bulk melt.

3.4.1.2 Drawing procedure

Figure 3.4 illustrates the melt drawing process. Figure 3.4a,b shows the molten
glass was heating at melting temperature, 1600°C £ 2°C. The process started by
transferring the platinum crucible from the main furnace and heating the platinum
crucible in a controlled-atmosphere Carbolite furnace at a temperature of
approximately 1240°C + 2°C (Figure 3.4c) . A platinum wire with a diameter of
0.05mm was lowered into the platinum crucible and brought in contact with the
melt as shown in Figure 3.4d. The MAS fibre was immediately up-drawn at a
temperature of approximately 1240°C * 2°C at which point the melt viscosity was
high enough to allow drawing of the glass fibres (Figure 3.4e). The diameter of
the fibres was controlled by the speed at which the glass was manually pulled out.
The overall speed was presumed the same, based on the same man power used.
The overall height between the upper furnace and the pulley system was
approximately 2 meters. Upon drawing the glass fibres were immediately cooled
by the ambient temperature of the laboratory and cut at 15c¢m lengths using sharp
scissors. Each of the single fibres was carefully placed in storage boxes filled with
silica gel and arranged onto a piece of papers in separated layers in order to
prevent fibre damage before further tests. No diameter measurement was done

along the drawn length to avoid pre-existing defect.
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Figure 3.4: Images of up-drawing process of MAS glass fibre.

3.4.2 Continuous drawing of LAS fibre

3.4.2.1 Preparation of glass rod

The preparation of the glass melt was undertaken as described in Section 3.2.2.
Strong rod glasses up to 1.5m in length with 5mm diameters were produced at the
Materials Laboratory, ALSTOM. For rod glass making, a metal rod with an end
cap diameter of 10mm was dipped into molten LAS glass processed with a similar
method as the MAS fibre drawing described in Section 3.4.1.2 (Figure 3.5(a,b)).
Figure 3.5e shows the length of the rods, which was measured to be above 1.5
meters to enable the drawing process. These rods were used for continuous
drawing with the fibre tower located at the Advanced Composites Centre for

Innovation and Science (ACCIS) at the University of Bristol.

48



FABRICATION OF GLAS S S AND GLASS CERAMIC FIBRE CHAPTER 3

(@)

(b)

Figure 3.5: Images of fabrication of LAS glass rods.
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3.4.2.2 Drawing procedure

The drawing process produced glass fibres by reducing the diameter of a glass
rod. LAS glass rods were cleaned with acetone prior to drawing, to remove any
dirt and clamp adequately inside the gripper, as shown in Figure 3.6a. The furnace
was used to heat the glass to its softening temperature to avoid degradation while
drawing, and care was taken to prevent the glass rod from touching the heating
coil of the furnace. A short orange flame was observed as the glass rod softened
(Figure 3.6b), whereupon the lower end of the glass rod (gob) descended through
the furnace by the force of gravity. The rod passed downward through the path of
a laser operated monitor (Figure 3.6c)

that determined the diameter of the fibre. The emerging fibre was pulled

manually to encourage its descent Figure 3.6d.

A Heathway controller monitored the reduction in diameter of the finely drawn
fibre which was taken up by a rotating thread drum. Thus the thickness of the
fibre was dependent upon the rate of drawing and the feed rate was adjusted to
precisely control the fibre diameter. The furnace temperature was also constantly
monitored and recorded. Drawing and winding continued until the glass rod was
fully drawn (Figure 3.6e). The fibre glass was connected with drum during the
drawing and assembled into frames (Figure 3.6f) which were carefully placed in a
box filled with silica gel and arranged onto a piece of plastic film into separate

layers in order to prevent fibre damage.

The fibres were heat treated in order to convert the microstructure from glass to
glass ceramic. For this purpose, the temperature and dwell times followed the heat
treatment schedule of the bulk system. Any visible changes on the fibres were
documented. Some of the fibres appeared white as a result of crystallisation on

the surface and/or inside the samples.
An experimental approach was implemented in order to find the optimum heat

treatment temperature and dwell time, as suggested by Tick et al. [81]. This was

imperative due to the sensitivity of the fine samples to heat distortion. Thus,
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precise determination of temperature and dwell time was only obtained by visible
changes to the physical glass fibre.

(c) (d)

(€) (f)

Figure 3.6: Sequence of a fibre drawing process of LAS glass using fibre tower.
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3.4.3 Heat treatment route of glass fibre

Samples of annealed LAS glass fibres were gently cut into 15cm lengths and were
individually placed on a ceramic plate with a separation of 5mm from one another
before insertion into an electric furnace (Figure 3.7). MAS glass fibres were
segregated into three groups according to their diameter sizes. The preliminary
heat treatment was done according to the same procedure as that of LAS glass
fibre.

The ideal temperature and dwell time for each glass system are presented in Table
3.5 based on visual observations of physical change (e.g colour, physical shape)
which describes in CHAPTER 5. Both glass systems were then treated with

heating and cooling rates of 5 °C/min and 1°C/min, respectively.

Table 3.5: Heat treatment schedule of MAS and LAS glass fibres.

Glass Annealing Nucleation Crystallisation Time
system temperature, temperature, | temperature, (h)
Ta Th Te
(°C £2°C) (°C £2°C) (°C £ 2°C)

MAS 570 720 900 Ta:0.25
Th:1
Tc:1

LAS 500 550 720 Ta:0.25
Th:2
Tc:1
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Figure 3.7: Glass fibres in the electric furnace.

3.5 Fabrication of glass and glass ceramic reinforced polymer

composite

3.5.1 Materials

3.5.1.1 Epoxy resin

In this study, the polymer matrix used was an epoxy resin of Epikote 828,
diglycidyl ether of bisphenol-A (DGEBA) obtained from Delta Resin Ltd, UK,
cured with an anhydride hardener consisting of 1-methyl-5-norbornene-2,3-
dicarboxylic anhydride (NMA) supplied by Robnor Resins, UK. This formulation
was added with an accelerator consisting of benzyldimethylamine (BDMA),
supplied by Robnor Resin, UK. The mechanical properties of the cured resin used
in this preparation are summarised in Table 3.6. The density of the resin was 1.23

glcm®. The preparation cure schedule of the resin is given in Section 3.5.2.1.
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Table 3.6: Mechanical properties of the epoxy resin Epikote 828 [151].

Elastic modulus Shear Yield Yield Stress Failure
(GPa) Stress (MPa) (MPa) Strain (%)
3.3+0.1 73.5+0.6 127.2+0.9 45+0.2
3.5.1.2 Fibres

The reinforcing fibres were LAS glass, LAS glass ceramic, MAS glass and MAS
glass ceramic. These MAS and LAS fibres were laboratory-prepared. In this
study, the fibre diameter of the LAS system was approximately 50 um, and
approximately 70-80 um for the MAS system. These fibres were measured using
SEM as describe in Section 4.3.3. The densities of the glass were given in Table

5.6. All the densities were measured using balance equipment (x 0.0001g).

3.5.2 Preparation of composites

3.5.2.1 Epoxy resin

Preparation of the epoxy resin mixture is summarised in Figure 3.8. The
composition of the epoxy-hardener-accelerator mixture followed earlier reports
[151, 152]. The formulation of resin was prepared by heating and stirring the resin
with 90% by weight of hardener at 80 C for 20 minutes until the hardener had
fully dissolved. 1% by weight of accelerator was added and further stirred for 10
minutes. The resin mixture was fully stirred and further degassed in a vacuum
oven at 80'C for 20 minutes to eliminate air bubbles. Then the bubble-free resin
mixture was poured into a pre-heated silicone rubber mould and degassed again at
80°C for 20 minutes.

After degassing, a PTFE release film was placed on top of the mould and
weighted with a glass plate to produce flat and near-net shape specimens before
curing in a conventional oven. The curing schedule started with pre-curing at
80°C for 2 hours, curing at 120°C for 3 hours and post-curing at 150°C for 4

hours, with heating rates of 1°C/min before being allowed to cool down to 25°C at
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1°C/min. Cured specimens were carefully trimmed, ground and polished to the
required testing dimensions. Samples were stored in a vacuum oven at 25 °C and

removed immediately before testing.

Cast in preheated
silicon rubber

100 phr of mould

DGEBA
000000

90 phr of

NMA
00000

1 phr of

BDMA
Q0000

Heat 80°C
Mix 30min Degassing 20 minute

Degass
20min

Pre-cure 80 °C (2hr)
Cure 120 °C (3hr)

Post-cure 150 °C (4hr)

Figure 3.8: Illustration of preparation of resin epoxy.
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3.5.2.2 Preparation of fibres
The next stage of the process was to produce unidirectional glass fibre reinforced
polymer (GFRP) from loose fibres, as illustrated in Figure 3.9.

Figure 3.9: Reinforcing LAS glass ceramic fibres.

Due to the limited number of fibres and challenges in producing a composite from
handling loose fibres, the fibre volume fraction was limited to 30%. The primary
research objective in making the glass ceramic composite was to demonstrate the
feasibility of using the fibres in the composite application. Fibres were weighed to
a target of a 30% fibre volume fraction and manually arranged into an aluminium
test frame with three slots cut to length, width, and depth dimensions of 75mm x
10mm x 1mm, as illustrated in Figure 3.10. Care was taken to preserve fibre
alignment in these strips which were stored with silica gel before the

impregnation process.
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Figure 3.10: Aluminium test frame.

3.5.2.3 Resin impregnation

After preparing the resin as described in Section 3.5.2.1, the mixture was
degassed in a vacuum oven at 80°C for 20 minutes and was gently poured into a
wrapped tray with PTFE release film. The test frame was then placed in the tray,
so that the whole fibres were immersed in the resin. The tray was returned to the
vacuum oven for further degassing at 80°C for 20 minutes. Due to the brittleness
of the fibres, care was taken to avoid placing pressure on the frame to avoid
distortion and misalignment of the fibres. Degassing aided wetting by capillary
action of the resin on the fibres. The tray was removed from the oven after 20
minutes and the fibres were fully immersed in the resin. The tray was returned
back into the vacuum oven for a further 1 hour of degassing. Overall the mixed
resin spent 90 minutes under vacuum at 80°C, by which time the viscosity had

increased.

3.5.2.4 Curing process

The test frames were removed from the vacuum oven and placed between glass
panels. The glass plate was placed between the test frames. A block steel plate
was placed on top of the glass plate to give a weight in order to compress the test
frame. The composite part was cured in a convection oven without any applied
pressure. The cure schedule remained as same described in Section 3.5.2.1. Once
the curing cycle had completed, frames were cut away to leave the composite
strip.
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3.6 Concluding remarks

This chapter describes the glass and glass ceramic fibres fabricated from two
glass system (MAS and LAS) and subjected to a series of trial heat treatment. The
optimum heat treatment temperatures were selected based on their performance
on physical observation and mechanical properties (CHAPTER 4). The one ply
laminate of glass ceramic fibre reinforced polymer composites were fabricated
using a wet lay-up technique. The overall performances of these systems were
evaluated through physical observation, thermal, nanoindentation, single fibre test
(SFT), acoustic measurement, thermagravimetric analysis (TGA), dynamic
mechanical analysis (DMTA), optical microscopy (OM) and scanning electron

microscopy (SEM) techniques are presented in CHAPTER 4.
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Chapter 4

Experimental

4.1 Summary

his section outlines the research methodology used in the experimental
Twork, including all the experimental procedures. It comprises three main
parts, as shown in Figure 3.1. Topics covered in this chapter include:
characterisation of bulk samples, investigation of properties of glass and glass
ceramic fibres and examination of glass ceramic fibre reinforced polymer
composites. This study considers glass systems consisting of MgO-Al,03-SiO;
(MAS) and LiO,-Al,03-SiO, (LAS).
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4.2 Characterisation of bulk glass system

4.2.1 Differential thermal analysis (DTA)

The glass transition temperature (Tg) and the crystallisation temperature (T¢) were
determined using DTA on a Perkin Elemer Pyris ITGA-DTATY unit in flowing air
with a temperature range of 20-1200 °C at a constant heating rate of 10°/min. A
glass powder weighing 50 mg was prepared in a platinum holder and another
platinum holder containing alumina powder was used as a reference material.
Data were recorded using computer-driven data acquisition system. The results
were used as a guide for determining the heat-treatment temperatures required to
induce crystallisation of the parent glasses.

4.2.2 X-Ray diffraction (XRD)

X-ray powder diffraction as shown in Figure 4.1 was used to identify amorphous
and crystalline phases within the MAS and LAS systems that had undergone
extensive crystallisation. Samples with 5 mm thick cross sections were ground
flat upper alternately using 240, 600, and 1200 grit papers. The samples were
polished prior to the scanning, which was carried out using a Siemens D500 X-
ray diffractometer over a scan range of 20°-80° at a rate of 2°per min in 20 step

sizes using Cu Ka (1.54050 A) radiation.

Figure 4.1: Seimens D500 X-ray diffractometer.
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The identification process was calibrated using pure Si oxide with a precisely
determined peak. Once scanning parameters were set, the intensity of diffracted
X-rays was continuously recorded and interpreted at peak positions of 26. Phase

identification was based on Bragg’s Equation [48]:

ni=2dsiné@ [4.1]

It started with the wavelength (1) of the incident X-ray penetrating the planes of
atoms (n) in its structure (sample tested) at the incident angle 6 at which gives the
d-spacing that produce the constructive interference. The position of peaks was
identified by the interplanar spacing using WinXPOW software. Experimental X-
ray diffraction patterns were compared with standards compiled by the
International Centre for Diffraction Data (ICDD).

4.2.3 Density measurement

The densities of both the bulky parent glass and the glass ceramics of MAS and
LAS were determined using an Archimedes’ technique with distilled water as the
immersion medium. Three specimens were measured for each of the system. The
densities were calculated according to the ASTM D693 [153], from the dry (m;)
and immersed (m,) sample masses, the density of distilled water (pgistiiedwater) @nd

the volume of the samples, as calculated by the following relations:

ml - mz
Vsample = [4.2]
Pdistilledvater

m, _ M, Oyistittedvater
m1 - mz

psample = V

sample

[4.3]
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4.2.4 Nanoindentation

4.2.4.1 Test specimen and test procedure

Nanoindentation has been an increasingly popular technique for material
characterisation, including depth sensing indentation that has been used to test the
mechanical properties of materials at the nano-scale. In this study,
nanoindentation was used to test local mechanical properties, including the
hardness (H) and reduced elastic modulus (E;) in the glass ceramic multiphase

material.

Samples were cut with approximately 5mm cross-sectional sides and prepared
using a standard metallographic technique and cold mounted in epoxy resin
(Figure 4.2c). The specimens were manually ground and polished to reach a very
low roughness grade on a series of diamond pastes of 6um, 3um, 1um and

0.25um. The final height of the coupons after polishing was approximately 6mm.

The samples were cleaned with acetone prior to nanoindentation.

Figure 4.2: Schematic of a) nanoindentation instrument, b) sample preparation

and c) positioned sample.

Measurements were performed using a Nanoindenter Triboscope Nanomechanical

Testing System. Samples were mounted onto a Dimension 3100 (Veeco) as

62



EXPERIMENTAL CHAPTER 4

shown in Figure 4.2b. A load of 5 mN was applied with a Berkovich diamond tip
(Hysitron) to indent the samples in square arrays of 2 x 2 indentations regularly
spaced at 20um from each other. Each sample was indented four times at five
different locations. It took 15 seconds to upload, hold and unload the tip for each

indentation.

4.2.4.2 Data analysis
The reduced modulus, E;, was extracted from the stiffness, S, of the initial part of

the unloading curve.

LOADING

UNLOADING

tOAD, P

g

—n — "
max

DISPLACEMENT, h

Figure 4.3: A schematic representation of load versus indenter displacement data
from the nanoindentation technique. The quantities shown are: the peak
indentation load, Pmax, the indenter displacement at peak load, hma, the final
depth of the contact impression after unloading, hy, the initial unloading stiffness,
S [154].

Data analysis was carried out following the procedure proposed by Oliver and
Pharr [154]. The hardness and reduced elastic modulus of materials are calculated

from the following expression.
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Hardness of material calculated from at h; using the relationship:

Pmax
H = sn? [4.4]

where Pnax IS the load and h, is the contact depth of the indent and 24.5 h; is the
projected contact area of depth relationship for Vickers and Berkovich indenter
derived from the geometry of the tip. The contact depth of the indentation has the
same geometry as the geometry as the indenter tip. Therefore h. is calculated
from hpa, indentation depth at the maximum load Ppnax excluding the elastic
displacement in the contact region and contact depth. The reduced Young’s

modulus was proportional to hardness, H as shown in the equation below :

_yrs
T 2B VA

where A is the contact area, p= 1.034 for a triangular indenter and S stiffness

E, [4.5]

from the initial gradient of the unloading curve. The modulus of the indented

material was obtained from the following equation:

B = [+ 2] 461

Eg
Where E; , v are the Young’s moduli and the Poisson's ratios of indenter tip
(diamond). E , vs are equivalent properties of the indented material. For diamond
Ei = 1141 GPa and v; = 0.07. The reduced modulus obtained from the
nanoindentation test are not directly comparable to E as there is also an elastic
contribution from the indenter. The results of this study are presented in
CHAPTER 5.
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4.2.5 Scanning electron microscopy (SEM)

The morphologies of the crystalline phases developed by heat treatment of the
glass samples were examined by scanning electron microscopy (SEM). For the
determination of crystallisation; small slices of glass were set in epoxy resin
blocks and manually ground using 400, 600, 800 and 1200 SiC grit and polished
to a mirror finish using diamond pastes of 6um down to 1pum grade. The glass
ceramic samples were etched with a 2.5% HF solution for 30 s and were gold
coated to increase the conductivity of the surfaces and prevent charge build-up by
the electrons. The surfaces of etched samples were examined using a FEI
Nova200 FEG-SEM scanning electron microscope with an operating voltage of
15kV. In this work, the Materials and Engineering Research Institute (MERI) of

Sheffield Hallam University carried out the scanning electron microscopy.

4.3 Characterisation of glass and glass ceramic fibre

4.3.1 XRD fibre specimen
Both glass ceramic fibre systems were examined using XRD after heat treatment.
The examination was done prior to the single fibre testing to ensure that the glass

fibres were fully heat treated and not in an amorphous state.

XRD was performed using an X-ray STOE Stadi P Diffractometer (IP-PSD).
Samples with small diameters were used to avoid errors arising from large X-ray
diffraction. Sample preparation was critical to obtaining satisfactory results due to
the requirement for perfect packing of the surface of the samples. Glass ceramic
fibres were cut into lengths of approximately 10mm and vertically arranged in the
diffractometer (Figure 4.4). The X-ray patterns obtained were matched to the
ICDD files using the Stoe X-ray diffraction computer analysis software
WinXPOW. Phase identification followed the same procedure as described in
Section 4.2.2.
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Figure 4.4: Glass ceramic fibres mounted for X-ray diffraction analysis.

4.3.2 Mechanical Property Measurements

4.3.2.1 Single fibre test

The aim of this research was to produce glass ceramic fibres which possess
excellent mechanical properties. The mechanical properties were characterised by
single fibre testing of annealed glass fibre and heat treated fibre glass ceramic.
Single fibres were carefully stored with silica gel and arranged into separated
layers in order to prevent fibre damage prior to sample preparation. Sample
preparation followed ASTM C1157-03 [155]. Fibres were then mounted on a
rectangular frame with cyanoacrylate adhesive (Loctite 404 Quick Set ™,
Hartford, CT) used to fasten the fibre ends as illustrated in Figure 4.5a. The

samples were stored under ambient conditions for at least 24 hours before testing.

Uniaxial tensile tests were performed using a Hounsfield H25K-S universal
testing machine. In order to obtain the maximum single filament tensile strength,
the single fibre must be aligned along the loading direction (Figure 4.5b).
Therefore the grip should not be clamped on the glued part. Meanwhile, an
absolute vertical line was used as a control to ensure the single filament in one
direction with respect to the loading direction. The fibres were aligned to the
vertical axis of tension within a tolerance of less than +2% of the fibre gauge

length, &:
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50 [4.7]

where |y is the fibre gauge length in unit metres. This was done to prevent any
bending strains and/or stress concentrations occuring between fibre ends within
tab.

The card frame was cut away prior to testing (Figure 4.5c). The test was
conducted at a constant rate of displacement of 0.2mm/min to fulfil the condition
of quasi-static tension. The load cell was rated to 10N. The gauge lengths of the
tested fibres were 30mm and 60mm. All tensile tests were carried out at room
temperature under ambient conditions. Thirty fibres were tested for each gauge

length for each system of both untreated and treated glass fibres.

(a) (b) (©)

Figure 4.5: Photographs of the single fiber test a) test specimen, b) tensile test

method and c) cut area.

Figure 4.6 illustrates the brittle failure of a fibre following Hooke’s law,
represented by measurements of displacement and applied load. The specimens
were examined closely during the test to ensure that only the fibre which failed in
tension was included in the results. Once the fibre failed, the load-extension plot
was examined to ensure that the load on the fibre built up to a maximum, and then
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dropped instantly to zero. If not, it was considered that fibre slippage occurred in
the adhesive, and the test was discarded. The tested fibres were stored with silica

gel for measurement of diameter and fractography.

Fmax

0 T T T T
0 0.05 0.1 0.15 0.2 0.25

Extension (mm)

Figure 4.6: Typical load-extension curve for a selected single LAS glass ceramic
fibre tensile test.

4.3.2.2 Data analysis

The tensile strength for each series of tests was analysed according to ASTM
C1157-03 [155], with the exception that fibre diameters were measured at fracture
areas rather than by means of a nominal or average fibre diameter due to the
fragility of the samples. The fibre tensile strengths, of of the samples were

calculated by dividing the maximum force with the fibre cross-sectional area:

A [4.8]

Where Fnax IS the force at the failure location of the fibre (N) and A is fibre cross-

sectional area (m?) estimated by:
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A=y [4.9]

where D is the fibre diameter. The fibre diameter was measured using a
micrometer and was confirmed using scanning microscopy electron (SEM). The
details of the measurement are described in Section 4.3.3. In this study, Young’s

modulus of fibre was not in the scope of the study.

4.3.2.3 Weibull distribution

A statistical analysis of the fibre strength was performed using a Weibull
distribution [96]. The results and analysis are presented according to ASTM
C1239 [156]. The width of the distribution in strength was characterised by
calculating the weibull modulus by applying a linear regression algorithm to the
Weibull plot of In(In(l/(l-Pf))) against ln(cf) (Equation 2.2). Details of this

analysis procedure are shown in Section 2.5.2.

4.3.3 Measurement of fibre diameter

Fibre diameters were determined from areas of fibre breakage using a micrometer
(= 0.001mm). In order to improve accuracy, firstly the fibres and depth gauge
micrometer were cleaned from fracture debris. The digital readout, the surface of
the anvil and the spindle were also cleaned with acetone each time 5 fibres had

been measured.

For examination by scanning electron microscopy, the fibres from another half of
tab were carefully cut from the end tab. This examination only applied for gauge
length 60mm. A double sided tape (Sellotape) was applied on the surface of the
sample holder (Figure 4.7a).
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(@) Sample holder (b) Fibre

(c) Gold sputter instrument EMSCOPE SC500 A

Figure 4.7: Sample preparation of fibre diameter measurement and observation

surface fracture for SEM.

The fibres were placed onto the tape with the fractured area exposed as illustrated
in Figure 4.7 (b). Then, the sample holder together with the fibres was rinsed with
ethanol to remove any dirt. Diameters were observed close to the point of fracture
for accurate measurement of the diameter and cross-section area, A. The fibres
were assumed to be circular in cross-section due to the nature of laboratory
preparation and heat-treatment. The samples were gold coated (Figure 4.7¢) to
increase the conductivity of the surfaces and prevent charge build-up by the
electrons. The samples were examined using a FEI Nova200 FEG-SEM scanning

electron microscope with an operating voltage of 15kV. Scanning electron
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microscopy was conducted at the Materials and Engineering Research Institute
(MERI) at Sheffield Hallam University.

4.3.4 Acoustic measurement

Ultrasonic velocity measurements are based on the propagation and reflection of
sound waves through the thickness of a specimen. This technique utilised two
types of transducer which gave longitudinal and transverse (shear) waves [47] in

order to obtain Young’s modulus.

4.3.4.1 Test specimen and test procedure

Samples of glass rod with length and diameter approximately of 5 mm were
annealed and treated with the same heat treatment schedule as describe in Table
3.5. The samples were ground and polished using SiC grinding paper with grades
of 400, 600, 800, and 1200, finished by surface polishing using diamond paste
with grades of 6um, 3um, 1um and 0.25 um. The length of the specimens were
measured using a micrometer (x 0.00lmm). The Young’s modulus of each
sample was determined via measurement of the longitudinal sound wave
velocities using an EPOCH 500 series Olympus Ultrasonic Flaw detector as
shown in Figure 4.8 and Figure 4.9. The frequency range used for measuring the
modulus are between 0.1MHz to 20MHz depending on the width of the resonance

curve.

Measurements were carried out at room temperature. Samples were pre-smeared
with a glycerine (Panametrics Olympus-NDT) coupling medium to improve the
transmission of sound waves between the transducer and the samples. The time-
of-flight, or time taken for a wave to be emitted by the transducer, reflected by
the sample and received by the transducer, was recorded for calculation of
Young’s modulus. The results of the time-of-flight were taken as mean values of

three measurements.
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Figure 4.8: (a) The EPOCH 500 series Olympus Ultrasonic Flaw detector, (b)

coupling medium and (c) tranducer.

Data acquisition
system

Amplitude U/V

Time, t/s
Transducer

L)
Sample 11

Pulse wave

Figure 4.9: A schematic illustration of the acoustic device.
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4.3.4.2 Data analysis

Acoustic measurements were undertaken according to the principles stated in the
test standard ASTM E 494-95 [157]. The longitudinal velocity, v; was determined
by the transit time through the thickness of the samples by Equation [4.10]:

2xd (m)
VI = T1(s) [4.10]

Where, v, d, and t are the longitudinal wave velocity, length of the sample and the
time-of-flight, respectively.

From above measurement, the Young’s modulus was calculated according to the

following Equation [4.11]:

2

E = pv. [4.11]

where p is the density of tested sample and v, is the longitudinal velocity of each

sample tested.

4.3.5 Fractography

Fractography is the study of the fracture surfaces of brittle materials in order to
locate and characterise the origin of the fracture. Evaluation of the fracture
surface was undertaken for selected fibres after tensile testing and was performed
using scanning electron microscopy (SEM). The fibres were selected for further
analysis in they failed in tension within the gauge length. The fractured areas
were examined to identify the morphologies of failure surfaces. The samples were
gold coated and were examined using a FEI Nova200 FEG-SEM with an
operating voltage of 15kV as shown in Figure 4.9. Scanning electron microscopy
was conducted at the Materials and Engineering Research Institute (MERI) at

Sheffield Hallam University.
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4.4 Characterisation of glass and glass ceramic fibre reinforced

composite

4.4.1 Dynamic Mechanical Testing Analysis (DMTA)

In order to evaluate the mechanical properties mainly the moduli accompanied
with small size of sample, a dynamic mechanical thermal analysis (DMTA) is
used. DMTA provides a method for determining the storage modulus (E’) and

loss tangent (tan d) as a function of temperature.

In this research, the test is conducted in a fixed frequency and constant amplitude
(strain) mode. The results of the storage modulus and tan o are very useful in
ascertaining the performance of the sample under stress and temperature. By
using this DMTA in mechanical test, fibres embedded in resin are expected to
interact with the mechanical stress.

In this experiment, the testing was performed in a three-point bending mode as
shown in Figure 4.10, using a dynamic mechanical thermal analyser (DMTA) of
Perkin Elmer Instruments, DMAB8000. The measurements were performed from
0°C to 180 °C at a heating rate of 0.2 °C/min and fixed single frequency of 10 Hz.
Meanwhile the sample geometry 8 x 30 x 1 mm? ( Figure 4.11) has been chosen
and manufactured according to the available fibres. As such, the preparation was
critical as obtaining a good result is heavily dependent on ensuring that the ends
of the sample are perfectly parallel to avoid errors during testing. The dynamic
storage modulus (E’), versus temperature traces for use range of composites made
using MAS glass fibre, MAS glass ceramic fibre, LAS glass fibre ad LAS glass
ceramic is plotted as presented in CHAPTER 5 (Figure 5.34).
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a)
Figure 4.10: Schematic illustrations of a) Perkin Elmer Instruments, DMAS8000 3,

b) samples and c) three point bending mode.

specimen

\
\ \
\
\
\
\
\

—| (| t—

8 mm\

Figure 4.11: Schematic illustrations of a) specimen dimensions for b) three point
bending mode.
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4.4.2 Measurement of volume fraction

For this measurement, thermogravimetry analysis (TGA) was used to measure the
weight fraction of the constituents in the composites. This value was used to
determine the fibre volume fractions. The test measures the change in weight of
the specimens as the specimen is progressively heated. In this study, TGA on a
Perkin Elmer TGA 7 was performed at a controlled rate under controlled
atmosphere. The test is conducted according to ASTM Standard E1131 [134].
Samples were tested with the Perkin EImer TGA as shown in Figure 4.12(a) using

heating profile illustrated in Figure 4.12(b).

A sample mass of 10 to 30 mg was heated from 25°C to 900°C at 10°C/min
heating rate. Jumahat [170] heat-treated the sample in two stages. At first, it was
heated from 25°C to 550°C at 10°C min-1 heating rate in nitrogen at 50 ml/min.
The temperature was then kept at 550°C for 1 hour to decompose the epoxy resin.
In stage two, the N, gas supply was then switched to air and the temperature was
increased to 1000 °C to decompose the carbon residue and/or graphite fibres. In
this study, the residue was glass and glass ceramic fibres. Data was collected
using TGA PYRIS software. The TGA curve plots showed the percentage weight
change against the material’s decomposition temperature. The isothermal
temperature of 550 °C is selected as the optimum temperature to burn off the

epoxy resin.
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Stage Heating programme

1 Temperature : 20°C ~
550°C

Heating rate : 10°C/min
Gas : Nitrogen

2 Temperature : 550°C
Held: 1h
Gas: Nitrogen

3 Temperature : 550°C ~
900°C

Heating rate : 10°C/min
Cooling rate : 10°C/min
Gas: Air

@ (b)

Figure 4.12: Schematic illustrations of a) TGA and b) heating programme.

The basic equations given in ASTM Standard D3171-99 [135] were used to

calculate the constituent contents of the glass and glass ceramic composite

materials as follows:

The fibre volume fraction

mys

V= (;) X (;’—f) x 100 [4.12]

where my = mass of the fibre, m. = mass of composite or initial mass of the

specimen, ps = density of the fibre and p. = density of the composite.
The resin volume fraction

Vo = (22 (5—m) x 100 [4.13]

mc
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where mp, = mass of the epoxy resin, m; = mass of composite or initial
mass of the specimen, p, = density of the epoxy resin and p. = density of

the composite.

The weight fraction of the constituents to the composite; (%) and (%)

(o

was obtained from TGA results.

4. 4.3 Microvoid observation

In this study, the microvoid of the composite was observed using a Reichert-Jung

POLYVAR MET optical microscope. Figure 4.13 shows a Polyvar B-Met optical

microscope with the image analyser apparatus.

Figure 4.13: Schematic illustrations of a) optical microscope, b) specimen and

c¢) micrograph of cross section of the sample.

For sample preparation, a small section of composite was sectioned at the centre

specimen perpendicular to the fibre axis. The small section was prepared using a

standard metallographic technique. The specimens were cast in epoxy resin and
carefully manually ground with SiC paper 120, 240, 400, 800 and 1200 grits.

Then the ground specimens were polished sequentially using diamond paste of

oum, 3um, lum and 0.25 pm. The surface of the polished specimen should
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display a clear delineation between the fibres and the matrix. The possibilities of

microvoid were observed under optical microscopy.

4.4.4 Density measurement

The densities of both cured epoxy and the composites of MAS and LAS were
determined using Archimedes’ technique with distilled water as the immersion
medium. The densities were calculated according to the ASTM D792 [158], from
the dry (m;) and immersed (m;) sample masses, density of distilled water

(pdistilledwater) @nd the volume of the samples, as calculated by the following

relations:
m, —m,
Vsample = [4 14]
Plistilledvater
P oMy My Pyisitiedvater
sample — -
’ Vsample m, —m, [415]

4. 4.5 Fracture observation

The methodology used to prepare the composite sample was to cryogenically
freeze in the liquid nitrogen for 1 minute. The samples were then immediately
subject to mechanical fracture by hand and the fracture surface samples were gold

sputter coated (Figure 4.9(c)) for observation under SEM.
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4.5 Concluding remarks

This chapter describes the experimental procedures that were used to obtain the
experimental data. The overall performances of these systems were evaluated
through physical observation, thermal and mechanical testing. SEM techniques
were used to study the fracture mechanisms involved during mechanical testing.
The glass ceramic fibre reinforced polymers composite were tested in bending
mode to study their properties compared to the neat system. The quality of the
composite was evaluated based on the fibre volume fraction, and microvoid
observation was conducted using optical microscopy. The results obtained from
the physical, thermal and mechanical testing and SEM observation of glass fibre,
glass ceramic fibre, glass fibre composite and glass ceramic composite are
presented and discussed in CHAPTER 5.
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Results and Discussion

5.1 Summary

n this chapter, experimental results are reported for the characterisation of raw
I materials, which focussed on the effect of heat treatment on the thermo-
mechanical properties of the MAS and LAS glass ceramic systems. Correlation
between the thermo-mechanical properties and crystalline phases of these
materials is supported by microstructural analysis after heat-treatment at different
temperatures. The fibre properties were measured with single fibre test and
analysed using a Weibull distribution. Additional material properties were gained
from the melt formation of fibres. The performance of polymer composites
reinforced by the glass and glass ceramic fibres was evaluated. Overall discussion

of these findings is also presented.

5.2 Characterisation of bulk glass

Bulk glass characteristics were studied as a function of temperature. Five methods
were used to measure and analyse the thermo-mechanical properties of the
microstructure and different phases of the parent glass and glass ceramic. These
comprised differential thermal analysis (DTA), X-ray diffraction (XRD), density

measurement, nanoindentation and scanning electron microscopy (SEM).
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5.2.1 MgO-Al;,03-Si0; (MAS) glass

5.2.1.1 Differential thermal analysis

The differential thermal analysis (DTA) trace of the parent MAS glass obtained
using the equipment at ALSTOM and Department of Materials Science and
Engineering is provided in Figure 5.1(a,b). In Figure 5.1 (a), a series of
endothermic reactions were observed over a temperature range of 20°C~1400°C.
Upon heating the MAS glass powder to 1400°C at 10°C/min, samples exhibited
one endothermic and two exothermic peaks which are represented as phases | and
I. Phase | consists of a transition glass, Ty and onset temperature of peak
crystallisation, T,, whilst phase Il indicates the nucleation temperature, T,, and
crystallisation temperature, T.. The exothermic peak at 902.9°C is relatively sharp
in comparison to the other broader peaks. The value of the glass transition
temperature was determined from the intersection of two tangents at the start of
the corresponding endotherm. The glass transition temperature was determined to
be approximately at 788°C, as extrapolated from the start and end of the transition
peak as shown in Figure 5.1(a). The melting endothermic peak (T,) was at about
1391.7°C. Subsequent peaks are associated with the nucleation of crystal phases.
The crystallisation temperature, T, is characterised by the exothermic peak with a
high temperature shoulder. A low and flat endothermic reaction appeared after Ty,
which indicated a thermal effect due to the rearrangement of molecules in the
glass structure. The changes in the heat flow indicate that the initial formation of
nuclei started at approximately 860°C which is in agreement with the literature
[159]. Two exothermic peaks (Tp1, Tp2) Were observed and are associated with the

formation of different crystalline phases.

The glass transition temperature as shown in Figure 5.1(b).was determined earlier
at Department of Materials Science and Engineering. It is shown that the T
approximately at 774°C, as extrapolated from the start and end of the transition

peak while the other peaks were observed slightly shifted compared to Figure 5.1

(@).
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Figure 5.1: DTA traces of the parent MAS glass from a) Alstom and
b) Department of Materials Science And Engineering

Based on the DTA results, both A (annealed at 700°C) and B (annealed at 570°C)

samples were subjected to a two-step crystallisation process, including nucleation

and crystal growth, as described in CHAPTER 3. These annealing temperatures

are within the range 450°C to 700°C as suggested by [37] to allow the stress to be

released. Different annealing temperatures were imposed in order to examine the
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effect on materials properties, since the properties of glass ceramic materials are
influenced by the temperature. From the results DTA (Figure 5.1a), nucleation
was carried out at 720°C for 3 hours which is below the transition temperature
followed by a crystallisation stage at different temperatures: 850, 900, 950, 1050
and 1140°C for 2 hours. It has been reported [24] that the nucleation growth
suitable between the Ty and the crystallisation point. Since the present study is
aimed to develop a heat treatment schedule and study the effect of heat treatment,
the nucleation temperature was established at one low temperature, 720°C.
Crystallisation of the glass ceramic phases are hugely influenced by sintering
temperature and dwelling time [44]. Thus, the present of the peak at this low
temperature could be attributed to the formation of the preliminary crystallisation
phases (nucleation stages) representing as a weak broad peak even though no
crystallise phases observed in sample A (Figure 5.3). Furthermore, a visual
inspection showed the sample change in colour to opaque suggesting the sample
transformed from glass material to glass ceramic material. Longer dwelling time
at temperature 720 °C might be required to form a better nucleation as shown in
LAS system (Section 5.2.2). The visible changes seen in the treated samples are
summarised in Table 5.1 and Figure 5.2. The brownish colour seen in the as-
annealed sample has previously been reported by Zdaniewski [40] and Wange et
al.[16] and is probably due to the presence of TiO,. However Quyang et al. [28]
reported that an inclusion of 9wt% of TiO; resulted in a light purple colour [2009]
which then became opaque white as the heat treatment temperature was increased.
It was also reported [16, 40] that varying the amount of TiO; in the composition
produced visible changes in the appearance.
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Table 5.1: Effect of heat treatment on colour of MgO-Al,O3-SiO, glass.

Temperature of heat Remarks

treatment

(°C)/n Sample A Sample B
Annealed Brownish Brownish
720 °C-3hr Blue-violet Dark blue-
violet

720 °C-2hr, 850 °C-2hr Blue-violet Blue-violet
720 °C-2hr, 900 °C-2hr Light blue-violet Blue-violet

720 °C-2hr, 950 °C-2hr

Light blue-violet

Light blue-violet

720 °C-2hr, 1050 °C- Milky blue Dark milky blue
2hr

720 °C-2hr, 1140 °C- Light milky blue Milky blue
2hr

Colour

Light
muilky blue 7

Milky blue

Light
Blue-violet T

Blue-violet

Browmish-

700

850 900 950

Tempel'a ture ()

T 1
1050 1140

Figure 5.2: Effect of heat treatment on the colour of MgO-Al,O3-SiO; glass.
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5.2.1.2 X-Ray diffraction

The crystalline phases formed were identified using X-Ray diffraction (XRD)
analysis of cross sectioned samples. The samples were scanned over the range 5-
80° 20 at a rate of 2° 20/min. Figure 5.3 shows the XRD patterns of each glass
after heat treatment. The complex crystalline phases in the MAS system analysed
in this present study are abbreviated as T - magnesium aluminum titanate, M -

magnesium aluminate, S - magnesium silicate, A - aluminum titanate and Q -

quartz.
Sample A Sample B
A Q
A9 1140C @ AS 3 Q Q TM M Q A9 1140°C
3 : S
AB:1120°C Q AM MAA AM M
it —mn ) 9 TM M T W AR
M T 1wm M
AT:1100°C TM  ymTT T . A MIT T ) B7:1100°
e T A L Y R T Ll T PR N DL o S
agose T Ty M M T TM M
o T AT C ko MTT T | B6: 1080°
WM“ W N MR bt P Vg i it S it Sl DN A ]
T T M M
aATmOS0C | T T M LT o
e P e A B e [ O N A st 6 B 1030
T . M
A4:950°C [ T , /) B4:930°C
-..w_.--"d‘h_h_"."""J""'"""--*'---“-"--h_ R S __“__M"M\,,_\.ﬁﬂ”““'rx\u—ﬂ"-ﬁ'n'hau,‘lﬂ-.',‘.,...-\--t'-“‘\"-f) e it
T
A3:900°C T T -
a-—...ﬁf”’mv,n_—*r—-‘—"ﬁ'-_ ______ . "‘w-»-'J*-"-\-q.-.--wm_-\;m.._*--.a.-l—..-«..-.-—-.m'*-*-"‘---E.%,:a-;:-q,:.]:?
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AL:T20°C W‘" B1:720°C
m ; " % . S——

Figure 5.3: XRD patterns of heat treated glass of MgO-Al,03-SiO, samples,
annealed at 700°C (sample A) and 570°C (sample B) prior to the heat treatment.
T - magnesium aluminum titanate; M - magnesium aluminate; S - magnesium

silicate; A-aluminum titanate; Q-quartz.

Sample A

Sample Al heat-treated at 720°C shows no indication of crystalline phases. The
sample was XRD amorphous after the heat-treatment of 3 hours. Amorphous
materials are characterised by the glass transition temperature (Ty) which

separates the solid-like behaviour (below Tg) from the liquid-like behavior (above
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Tg) [47]. Weak diffraction peaks are observed at 850°C, indicating mainly glassy
phase and a small amount of crystalline phase, namely magnesium aluminum
titanate (T), MgAI,Ti3049, (JCPDF card: 5-450). Wange et al. [16] reported the
formation of quartz at 800°C followed by the formation of magnesium aluminium
titanate (Mg,AlgTizO2s), which is similar to the results presented in this work.
Quyang et al. [28] also reported that magnesium aluminium titanate appears after
heat treatments at 850°C and 900°C.

Referring to the diffractogram of sample A in Figure 5.3, it was found that the
predominant crystalline phase at 900°C and 950°C was magnesium aluminium
titanate (MgAl,TizO010). Sample A shows more peaks compared to sample B with
increasing temperature of heat treatment. The number of peaks is higher than
those reported in the previous work [17], which can be correlated with MgO
content of the glass. The MgO content used by Quyang et al. [28] and Shao et al.
[17] was higher than in this composition, which according to Amista et al. [33],
lowers the temperature of crystallisation. Heat treatment at 1050°C for 2 hours
induces crystallisation of Mg,AlsTi;O2 (JCPDF card: 5-451) and magnesium
aluminium oxide (M), MgAl,O, (JCPDF card: 73-1959).

The distinct peak at 26.14° 20 indicated the presence of a quartz (B-QSS) solid
solution with a high intensity. The intensity of this reflection slightly increased
when the temperature was increased to 1080°C, and shifted to 26.46° 20
corresponding to a-quartz solid solution (Q), SiO, (JCPDS card 81-65). The
sample heat-treated at 1100°C indicates that the composition of magnesium
aluminium titanate (MgAlgTizO2s) transformed to Mgo3Al14Tii 305, which
corresponds to an increased aluminium content and reduced magnesium and
titanium content as compared with the original T phase. In contrast with the
previous studies [16], little or no formation of magnesium aluminum silicate was

observed.

After the heat treatment at 1140 °C (at the onset of the peak), the reflections due
to magnesium aluminium titanate and magnesium aluminum oxide disappeared

and the glass phase was also minimised. Instead aluminum titanate (A), Al;TiOs
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(JCPDS card 70-1435) and a-quartz solid solutions (a-QSS) along with a small
amount of magnesium silicate (S), Mg,SiO4(JCPDS card 34-556) were observed,

likely due to the disappearance of glass.

Sample B

XRD results show a glassy phase with a high background level and significant
XRD peaks were not observed after heat treatment at the exothermic peak of
crystallisation.

Glass B4 treated at 950 °C shows two broad peaks at 37.29° and 65.94° 20
corresponding to magnesium aluminum oxide (M) phase. This is a significantly
different result compared with sample A4 that was heat treated at the same
temperature. Heat treatments at 1050 °C and 1080 °C led to the precipitation of
magnesium aluminium titanate, T (MgAleTi7;O2) and magnesium aluminium
oxide (MgAl,O4). The XRD pattern of B6 heat treated at 1080°C showed that the
sharp peak at 26.09° 20 shifted to 26.30° 26, which can be attributed to a change
in the magnsium aluminium titanate composition to Moz Ali4 Tizz Os. Small
peaks appeared when the temperature increased by only 30°C. Increasing the
temperature to 1140 °C showed that magnesium aluminium titanate (A) and
magnesium aluminium oxide phases remained, the glass phase was minimised

and high quartz was also formed.

5.2.1.3 Physical and mechanical properties

A. Density of bulk glass

Density is a function of the chemical composition of the glass and its thermal
history. The densities of both the parent glass and glass ceramics of MAS system
were determined using the Archimedes’ technique with distilled water as the
immersion medium. Figure 5.4 shows the absolute densities of MAS glass system

as a function of heat treatment temperatures.

88



RESULT AND DISCUSSION CHAPTER 5

3 ®
2.95 -

N
[(e]
1

2.85 -
28 -
275 $ ¢ ¢
27 -
265 1 o *e 4
26 -
255 -
25 -
2.45

Absolute density, p (g/cm3)
°

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

Heat treament temperature (°C)

| @ Sample A @ Sample B |

Figure 5.4: Densities of the treated MAS samples at various heat treatment
temperatures.

Density increased with temperature of heat treatment from the amorphous glass
phase towards the onset of the crystallisation temperatures for samples A and B
and slightly decreased at the onset of the second peak of crystallisation. Density
increased gradually from 1050-1140°C. The average difference in density
between 1050°C and 1140°C is approximately 8.8% for both samples. The
density profile of both samples is similar from 950°C to 1100°C [17, 16, 40] with
the highest value found after crystallisation at 1140°C [16].

B. Reduced Young’s modulus and hardness

Mechanical properties such as reduced Young's modulus and hardness have been
measured. The reduced modulus, E,, is obtained from nanoindentation. It involves
elastic measurement of both the sample and indenter and thus cannot be
considered comparable to the elastic modulus, E. Table 5.2 lists values of the
reduced Young’s modulus and hardness for both samples using the Oliver-Pharr
method [154]. Figure 5.5 shows load-displacement curves for the original MAS

glass and four glass ceramics produced in this work.
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w
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Figure 5.5: Load-displacement curves for MAS glass annealed at 700 °C ( sample
A) and further subjected to different heat-treatment temperatures (leading to
formation of crystalline phases). The MAS sample annealed at 570 °C and LAS

glass showed a similar behavior.

As the heat-treatment temperatures were increased, the depth of indentation
decreased under the same load, reflecting an increase in sample hardness. No
major differences were observed in the mechanical properties of the two different
sample series (see Table 5.2). It may be deduced that samples from Group A
exhibited slightly higher mechanical properties than samples from the B series of

glasses, especially at a temperature of 1140°C.
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Table 5.2: Reduced Young’s modulus and hardness results of the selected MAS
glasses from the nanoindentation tests.

E; (GPa) H (GPa)
Temperature
Sample | Std | Sample | Std | Sample | Std | Sample Std
(°C) A B A B
570
- - 102.8 0.82 - - 8.240 0.18
700 103.2 1.01 - - 8.220 0.13 - -
850 112.8 0.70 | 110.3 1.40 10.30 0.23 10.10 0.23
900 115.9 3.40 114.3 4.04 10.50 0.77 10.40 0.58
950 112.9 1.80 | 1134 1.80 11.26 0.23 11.25 0.29
1140 137.2 2.26 | 129.6 7.89 13.80 0.49 12.93 1.16

The influence of the temperature of heat treatment on mechanical properties is
shown in Figure 5.6 (reduced Young’s modulus) and Figure 5.7 (hardness). These
results show that the elastic modulus and hardness slightly increase with the
increased heat treatment temperature. These results are improved than those of the
parent glass [49]. These results are possible explained based on the development
of the proportion of the major crystal phases as has been reported in the literature
[25, 37]. In this study, this proportion is proved based on the number of peak
crystal phases precipitated. The hardness and modulus of both samples is
particularly comparable with other works [17, 16, 160].
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Figure 5.6: Reduced modulus values of MAS systems with various heat treatment

regimes.
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Figure 5.7: Hardness results of MAS systems with various heat treatment regimes.
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5.2.1.4 Scanning electron microscopy

The morphologies of the crystalline phases developed during heat treatment of the
glass samples were examined by scanning electron microscopy (SEM). From the
SEM analysis presented in Figure 5.8 and Figure 5.9 (a-c) it can be seen that the
increase in heat treatment temperatures had a strong influence on the
microstructure and morphology of MAS glass ceramic studied in this work.

Heat treatment caused nucleation of crystals in the glass, which transformed the
system into prominent droplet and glassy phases (as shown in dotted line). The
crystals observed at 950°C were significantly larger than those depicted at 900°C,
indicating that an increase in the crystallisation temperature enhanced crystal
growth. The droplet-shaped phase separation initiated at around 900°C where
MAT became apparent, detected by XRD as shown in Figure 5.8 (Sample A).

Similar features also observed in Sample B.

The morphology of MAS glass ceramic scanned after heat treatment at 950°C
showed that the crystal droplets (initiated at 900°C) increased in quantity and size
and formed numerous boundaries. A similar phenomenon was reported in a
different system using the same nucleating agent by Shyu et al. [63] and
Minsheng et al. [64]. Figure 5.8 (c) shows the morphology of the sample that
crystallised at 1140°C, where the quantity of droplet-shaped crystals increased,
whilst decreasing in their sizes. A small number of crystals transformed into
needle-like shapes as shown in sample A. The features morphology also discerned
from sample B where the crystal increased with increasing heat treatment
temperature (Figure 5.9 (c)). Moreover, the morphology of the dispersed phase
seems to be slightly different than that of sample A which can described that the
magnesium aluminium titanate and magnesium aluminium oxide phases dominan

with absence of aluminum titanate (Figure 5.8)
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Figure 5.8: SEM micrographs of the crystallised MgO-Al,03-SiO; at a) 900°C, b)
950°C and c) 1140°C (Sample A).
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Figure 5.9: SEM micrographs of the crystallised MgO-Al,03-SiO; at a) 900°C, b)
950°C and c) 1140°C (Sample B).
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5.2.2 LiO2-Al,03-SiO; (LAS) glass
5.2.2.1 Differential thermal analysis

The DTA curve in Figure 5.10 for LiO,-Al,03-SiO, glass illustrates an
endothermic deflection related to the glass transition temperature and an
exothermic peak related to the crystallisation temperature. Two exothermic peaks
were clearly detected at 750.2°C (Tp1) and 957.1°C (Ty2), where the latter is
relatively sharp. An initial peak denoted as Tp; is not particularly distinctive as a
point due to its broad shape. A small endothermic peak appeared after T,; and is
associated with the rearrangement of molecules in the glass structure, which is
similar to the thermal effect observed in the MAS curve (Figure 5.1).

DTA /(uVimg)

Peak: 957.1 °C,

200 400 600 800 1000 1200
Temperature /°C

Figure 5.10: DTA traces of the parent LAS glass.

The nucleation temperature is generally expected to lay between T4 and the
crystallisation temperature T, [24]. The curve may be interpreted as two phases.
Phase | covers the region from T4 until onset temperature Tp; for nucleation heat
treatment followed by crystal growth in phase Il. Following DTA analysis, the

heat treatment of the parent glass was carried out in two-step process.
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Table 5.3: Effect of heat treatment on colour of LiO,-Al,03-SiO, glass.

Temperature of heat treatment Images
(°C-hour)

LAS1

Annealed

LAS 2

Nucleation: 550 °C (100)

LAS 3

Nucleation : 550 °C (100)
Crystallisation: 750 °C (2)

LAS 4

Nucleation : 550 °C (100)
Crystallisation: 950 °C (2)

LAS S5

Nucleation : 600 °C (2)
Crystallisation : 750 °C (2)

nnnoe

Nucleation and crystallisation temperatures were determined corresponding to Ty
and Tp, respectively. Thus, the nucleation treatment was carried out at 550°C for
100 hours based on data collected from ALSTOM followed by 2 hours heat
treatments at 750°C and 950°C, respectively. A melting endothermic peak (Ty)
was observed after the crystallisation peak. Table 5.3 shows little difference in

sample appearance after the heat treatment, although it is expected that colour
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responses occur when glass is heat treated [161]. The LAS 2 and LAS 3 sample
were slightly more opaque than LAS 4 but seemd to contain relatively good

amount of glassy phase as can be seen from Figure 5.11.

5.2.2.2 X-ray diffraction

Figure 5.11 shows XRD patterns for all samples. Samples LAS 1 and LAS 2
show no indication of crystalline phases. These samples were XRD amorphous
after heat treatment. Weak diffraction peaks are observed at LAS 3 and LAS 4
which demonstrates the prevalence of glassy phases with a smaller presence of
crystalline phases.
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Figure 5.11: XRD patterns for glass ceramic in LAS system.

Crystalline peaks corresponding to different crystalline phases are marked with
different symbols. Major crystalline phases consisting of lithium silicate, Li,SiO3
(JCPDF card 30-766), were identified by XRD in all samples. These results are in
agreement with those found in the literature [162,163] concerning the
crystallisation of lithium aluminosilicate. The presence of crystalline phases
appeared to increase with the crystallisation temperature. This is borne out by the
observation of an additional peak corresponding to cristobolite, SiO, (JCPDF card
39-1425) in the XRD pattern of LAS 5 glass ceramic. It is notable that the
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intensity of cristobolite started to increase at a higher temperature than lithium

silicate, which appeared with a lower intensity at 750°C.

5.2.2.3 Physical and mechanical properties

A. Density of bulk glass

Figure 5.12 shows the densities of parent LAS glass and glass ceramic. The
density of LAS glass slightly increased with heat treatment. As expected, the first
nucleating stage of heat treatment increased the density. This finding may be
attributed to the proportional relationship between the dwell time and the

proportion of major crystal phases.
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Figure 5.12: Densities of the LAS samples at various heat treatment temperatures.

The density for LAS glass system gradually decreases from the onset of the
second peak crystallisation temperature (950°C). Figure 5.11 also shows that the
nucleation temperature has shifted up 50°C from 550°C and that the density
decreased to 2.489 g/cm®. Additionally, the crystallisation dwell time was
virtually unchanged between the LAS 4 and LAS 5 samples. This also indicates
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that the density in this LAS system is proportional to the nucleation dwell time

and the developed microstructure.

B. Reduced Young’s modulus and hardness

The results for the reduced Young’s modulus and hardness of the LAS system are
presented for each sample type. Results of the nanoindentation tests in Table 5.4
show variation in values for both modulus and hardness. Table 5.4 also
emphasises the difference in properties acquired by different heat treatments.
These include nucleation at 550°C for 100 hours followed by crystallisation at
720°C for 2 hours and nucleation at 600°C with crystallisation at 750°C for 2

hours.

Table 5.4: Reduced Young’s modulus and hardness results of the selected LAS
glasses from nanoindentation test.

Reduced Young’s Hardness
Modulus (GPa)
Temperature (°C) GPa)
E, Std H Std
LAS 1 79.40 1.30 6.64 0.20
LAS 2 84.98 3.24 7.08 0.80
LAS 3 93.01 2.86 8.06 0.48
LAS 4 89.85 2.99 8.28 0.23
LAS 5 81.07 2.32 7.34 0.38

In Figure 5.13, the hardness of the LAS glass sample is shown as a function of the
heat treatment temperature. Sample LAS 4 was the hardest (8.28GPa) with a
nucleation at 550°C for 100 hours and crystallisation at 950°C for 2 hours.
Hardness decreased to 7.34GPa with a nucleation temperature of 600°C for 2
hours and crystallisation temperature to 750°C for 2 hours. This value shows to be
slightly different to that of annealed glass. This finding agrees with a previous
study conducted by Hu et al. [164]. They found that the hardness decreased with
an increase in nucleation temperature and showed that an increase in dwelling

time during nucleation produced a smaller grain size and contributed to an
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increase in hardness. The ability for LAS glass ceramic to maintain hardness at an
acceptable level is thus dependent on annealing time.

9
8.5 }
T 8 -
D_ -
e
275 -
[
I~
£ 7 T
6.5 - }
6 T T T T 1
0 1 2 3 4 5 6
Code of sample
| #LAS glass |

Figure 5.13: Hardness of LAS system at various heat treatment regimes.
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Figure 5.14: Reduced modulus results of LAS systems for various heat treatment

regimes.
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As shown in Figure 5.14, the reduced Young’s modulus is a function of the heat
treatment temperature. The highest modulus was recorded for the sample
nucleated at 550° (LAS 3), while the lowest was exhibited by the sample
nucleated at 600°C (LAS 5). The value of the sample LAS 5 which nucleated at
600°C is notably similar to that of annealed glass (LAS 1). However, the reduced
Young’s modulus of samples LAS 3 and LAS 4 nucleated at 500°C for 100 hours
were strongly influenced by the annealing time during nucleation, but were not
highly dependent on the crystallisation temperature. These values are in the same
range as those reported in the literature for other lithium aluminosilicate glasses.
Guo, et al. [66] found values in the range of 78.4 to 95.2GPa for glasses from
LiO/AIL,03/Si02/MgO/Na,O/TiO,/K,0/MgF, systems. Hu et al [164] found
values in the range of 934 to 93.7GPa for  glasses
LiO/AIL,03/Si02/MgO/Zn0OITiO,/ZrO, systems. The new findings presented in
Figure 5.14 are in good agreement with latter literature values.

5.2.2.4 Scanning electron microscopy

The morphologies of the crystalline phases developed during heat treatment of the
glass samples were examined by scanning electron microscopy (SEM). From the
SEM analysis presented in Figure 5.15 (a-d), it can be seen that the increase in
heat treatment temperatures had a notable influence on the microstructure and
morphology of LAS glass ceramic studied in this work. However, in this system
the selection of the parameters heat treatment ( e.g temperature and dwelling
time) have been selected by ALSTOM and it is bounded by confidential

agreement.

Heat treatment caused nucleation of crystals in the glass, which transformed the
system into prominent droplet and glassy phases. The crystals observed at LAS 2
(nucleated at 550°C for 100 hours) were significantly larger than those depicted at
sample LAS 1 (annealed at 500°C for 15mins), indicating that an increase in the
crystallisation temperature enhanced crystal growth. The spherules-shaped phase

separation initiated at around 750°C where lithium silicate, Li,SiO3; became
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apparent, was detected by XRD as shown in Figure 5.15 (sample LAS 3 nucleated
at 550°C for 100 hours, crystallised at 750 °C for 2hours ).

The morphology of LAS glass ceramic scanned after heat treatment at 950°C
(LAS 4 nucleated at 550°C for 100 hours, crystallised at 950°C for 2 hours )
showed that the tiny crystals uniformly dispersed (initiated at 750°C) were
increased in quantity and formed numerous circular boundaries which appeared
as a black spot. This indicated that the temperature increase preceeded the
changes in the microstructure, rather than difference in the dwelling time. A
similar phenomenon was reported in the same system when different nucleating
agents were employed with the varied heat treatment by Xingzhong et al. [162]
and Ananthanarayanan et al. [164]. In contrast, LAS 5 shows clear granular
crystals after being nucleated at 600°C and crystallised at 750°C for 2 hours,
respectively. The microstructure also showed increases in hole-shapes, whilst
decreasing in crystal sizes which was also observed in [36]. These holes are
believed to result in both densities of LAS 4 and LAS 5 decreasing as shown in
the results (Figure 5.12).
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Figure 5.15: SEM micrograph of LAS systems at various heat treatment regimes.
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5.3 Fabrication of glass fibre

Two methods of fabrication are used depending on the feasibility of the drawing.
For MAS system, glass fibres were formed using up-drawing from supercooled
melts and LAS glass fibres were produced from down-drawing using glass rod.

Both glass fibres were fabricated on a laboratory scale.

5.3.1 Feasibility of the melt drawing process

Figure 5.16 illustrates necking of the crystallised preform after drawing and
demonstrates the incompatibility of continuous drawing with the MAS system.
The MAS preform was transparent with a light brownish colour before drawing
(Figure 5.16a). Drawing trials were conducted to determine suitable parameters
for processing, including the temperature of drawing and the feed rate for
producing acceptable fibres with a consistent diameter size. The process was
started by heating a preform near to the heater coil at the softening temperature
(Tq) of approximately 850°C to generate a localised heat point. The range of
drawing temperatures covered up to the working temperature [62] was determined
from a dilatometry curve (Figure 5.17). The resultant dilatometer curve shows the
curve terminating at approximately 900 °C, which represents softening of the
glass. The preform gradually started to soften and a considerable external force

was applied to initiate fiberisation.

Unfortunately, a light blue colour was observed after glass rod started necking,
which showed that the fibre surface had crystallised before it was drawn into a
fibre. It can be seen from Figure 5.16c that the crystallised preform deformed into
a symmetrical cone shape. This deterioration occurred after several trials up to the
working temperature at 1000 °C. A relatively narrow softening temperature to the
onset crystallisation temperature (T.) enabled crystallisation at lower drawing
temperatures using the continuous drawing method. Difficulties in fibre drawing
may be encountered due to the narrow thermal stability range of MAS glass
fibres. Better glass fibres are therefore obtained from melt drawing below the

liquidus temperature.
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Figure 5.16: Photographs of the glass rod before and after continuous drawing
trials a) before drawing, b) 850°C, ¢) 950°C and d) 1000°C.
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Figure 5.17: Dilatometer curve showing the onset of softening temperature.

Optimal glass fibre formation may be assessed by experimental determination of
the melt viscosity, which was beyond the scope of this investigation. In the
absence of empirical data, it has been noted that the melt viscosity may be
assumed to be of the order of 10°Pas for a given composition at the drawing
temperature of 1240°C at which the fibres were obtained [62]. Variation was
found in the diameter of fibres successfully drawn with a length above 1.5m.
This variation was expected due to the magnitude of the melt viscosity and the
speed of hand pulling. These fibres were divided into groups according to
diameter. In addition, MAS glass fibre showed good drawing formability in
comparison with continuous drawing. The fibres which were free from

deformation and visible inconsistencies were selected for glass ceramic fibres.
4.3.2 Feasibility of continuous drawing process

This process was used to produce a total length of approximately 1800m of fibre
(as shown in Figure 5.18b). The fibre was wound onto a 30cm x 30cm frame.
Several such frames of fibres were produced for each drawing speed. In order to
avoid disturbance of the drawing process, the system did not have any

instrumentation to directly measure the glass preform temperature. Upon drawing,
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LAS glass rod started to soften at 650 °C, which is well below the onset
crystallisation temperature of 750°C, as tabled in Table 5.5. The viscosity is
approximately 10°Pas at this stage of processing [62]. The drawing speed, which
is controlled by feed rate, was as high as 700 mm/s.

Several optimisation trials were performed in order to consistently obtain a
minimal fibre diameter. This process succeeded in producing two fibre diameters;
50 and 70 um. These fibres did not show any sign of crystallisation to the naked
eye (Figure 5.18b) and we can also observe the regular shape of the preform and

the absence of defects and crystalline phases from its surface.

a) Glass rod b) LAS fibre glass

Figure 5.18: Photographs of the a) glass rod before drawing and b) fibre glass
after being drawn.

The diameters of the obtained fibres measured using scanning electron
microscopy are reported in Section 4.5.1 together with the respective values
obtained through micrometer measurement. The obtained diameters agree to
within 5um of the values recorded from SEM imaging. The small standard
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deviation within this dataset indicates the consistency of fibre diameters obtained
through this drawing process.

Table 5.5: Process parameters for drawing of LAS glass ceramic.

Diameter of Drawing Feed rate Drum
fibre (um) temperature (mm/s) speed
(°C) (mm/s)

50 650 600 50

70 650 700 50

5.3.3 Characterisation of drawn glass fibre

The typical appearances of the drawn fibres are represented by the SEM
micrograph illustrated in Figure 5.19. The amorphous nature of the fibre gives
rise to its smooth surface. All the fibres have the same external appearance with

circular cross sections, smooth surfaces and featureless surface morphologies.

Inferior samples were also obtained in the course of trials in which drawing
yielded frail fibres with white droplets on coarse surfaces, resulting in
deteriorated fibres as shown in Figure 5.20. With regards to the previous results in
Section 5.2.1.1, there are two possible explanations for this phenomenon. The
first involves rapid cooling of the molten causing droplets of crystallisation,
which can usually be suppressed due to the molten viscosity. This may have
occurred if drawing was not performed at the working temperature, at which the
viscosity slightly increased. This may have been caused by a drop in temperature
during transfer to the crucible. The second reason may be variation in the drawing
speed due to control by hand pulling. These factors may explain the behaviour of
defects with respect to nucleation and crystallisation points, which lay above the

softening temperature.
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Figure 5.19: SEM micrograph of MAS glass fibre surface after drawing.
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Figure 5.20: Droplet crystallisation on the surface of MAS glass fibre during
trials.

The drawing of LAS produces uniformity of the shape and circular cross section
of the glass fibres without pores, as shown in Figure 5.27. This indicates that the
shape of the fibres was maintained during drawing without a significant decrease
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in diameter size. This was expected as the process was automatically controlled.
Furthermore, the fibres were also flexible, as shown in Figure 5.21, where the
mean diameter of the fibres is approximately 50um. It is clear from these results
that drawing protocols and conditions influence the physical appearance of the

glass fibres and that these factors dictate the feasibility of both glass systems.

Figure 5.21: Bent LAS glass fibres with a mean diameter of 50um.

5.4 Fabrication of glass ceramic fibre

In this section, the glass fibres of both systems were converted into glass ceramic
fibres in order to improve mechanical properties. The heat treatment of the glass
fibres were studied in order to identify optimal treatment conditions and to

prevent thermal distortion.

5.4.1 Heat treatment trials

Fibres from the MAS system are shown in Figure 5.22a. A heat treatment trial
was conducted by varying the temperature for the same dwelling time. The
appropriate heat treatment range was determined from differential thermal

analysis measurement, such as the one shown in Figure 5.1 (Section 5.2.1.1). In
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addition, the optimal temperature was determined by measurement of the reduced

Young’s modulus, which was found to increase at higher temperatures.

The chosen heat treatment for MAS started with reheating in the vicinity of the
sharp crystallisation peak at 900°C and 1140 °C and held for a dwelling time of 2
hours after the nucleation process at 720°C. The glass ceramic fibre shown in
Figure 5.22b was heated at 900°C for 1 hour. This heat treatment resulted in a
slight colour change from light brown to transparent grey. In addition, no
significant distortion or shrinkage was observed. This demonstrates that the
chosen temperature satisfied the dwelling time criterion.

A trial heat treatment at 1140°C for 1 hour produced more significant changes in
physical appearance, as shown in Figure 5.22c. Figure 5.22c represents a series of
fibres at different diameters and illustrates great distortion and colour change to
opaque white. These changes indicate that the thinner fibre experienced the worst
distortion and shrinkage. This suggests that the rate of crystal growth was
comparable to the rate of nucleation. This change in structure was observed to
significantly affect fibre strength in single fibre testing.

The dwelling time used in this process is lower than that used for the bulk heat
treatment. A previous study by Tick et al. [81] proposed that the optimal dwelling
time should be experimentally determined and suggested that fibre distortion
could be avoided by control of the dwelling time [74]. The 1 hour dwelling time

for crystallisation was arbitrarily selected.

The heat treatment schedule for the LAS system was quite different to that of the
MAS system. The first trial was performed at the temperature utilised by LAS 3,
which contributed the highest recorded reduced Young’s modulus. The dwelling
time in the nucleation stage was reduced to 2 hours from 100 hours and the
crystallisation rate was kept at 1 hour. Heat treatment resulted in a significant
change to a white colour without ancillary physical changes, as can be seen in
Figure 5.23. The colour change indicates that the sample has been crystallised at a
higher temperature (950°C) than the bulk sample (LAS 5). This means that
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nucleation dominated the crystal formation at this temperature and that the faster
rate growth mechanism was promoted. It is very important to control fibre

shrinkage during heat treatment to avoid fibre distortion.

Figure 5.22: Photographs of the MAS glass fibres after the heat treatment a) after
annealing temperature, b) at 900 °C and c) at 1140 °C for different diameters.

Figure 5.23: Photographs of the LAS glass fibres after the heat treatment at
750°C.
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Therefore, based on the observation of physical changes, it was concluded that for
the production of these two glass ceramic fibre a heat treatment at 900°C
represented the most appropriate route for processing of the MAS system and

LAS system with 750°C were chosen for the further investigation.

5.4.2 Characterisation of glass ceramic fibre

5.4.2.1 Density
The density of the fibres was measured using density balance equipment with an
accuracy of + 0.0001g. Table 5.6 shows the density recorded for each group.

Table 5.6: Density of the glass fibre.

Group Density (g/cm®)
MAS glass 2.7280 £ 0.01
MAS glass ceramic 2.8430 £ 0.01
LAS glass (50pm) 2.4730+0.01
LAS glass ceramic (50pm) 2.9100£0.01
LAS glass (70pm) 2.7460 +0.01
LAS glass ceramic (70pm) 2.9700 £ 0.01

The heat treatment had slightly increased the density of the glass ceramic fibres in
comparison with the density of the glass fibre, which were measured using
Achimedes’ principle. However the density in LAS glass with 50um diameter
was slightly different from LAS glass with 70um. This may be explained by the
precipitation of crystal phase. Usually precipitated crystals are even in geometry
and size, however due to the diameter changes, it is believed that heat treatment
may produce a different effect. As expected, the heat treatment introduced
increases in density for both glass systems which was related to the degree

formation of the promoted crystalline phases [55,159].
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5.4.2.2 X-ray diffraction

The glass fibres were characterised using XRD to examine the effect of heat
treatment on the formation of crystalline phases. The samples were scanned over
a range of 5-80° 20 at a rate of 2° 20/min. Results for the LAS glass ceramic fibre
are shown in Figure 5.24. The XRD pattern for LAS glass ceramic fibre illustrates
that the crystalline phases identified by X-ray diffraction analyses are lithium
silicate with a minor proportion of cristobalite, SiO,. Furthermore, no major
changes in phases were observed in comparison with the bulk system. In addition,
it has been shown that the identified phases are not dependent on the dwelling

time of crystallisation.

[30-766] Li2 Si O3 / Lithium Silicate
02/ Silicon Oxide

[39-1425] Si 02/ Silicon Oxide / Cristobalite, syn
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Figure 5.24: XRD diffraction patterns of LAS glass fibre treated at 750°C.

Figure 5.25 shows the XRD patterns of MAS glass after heat treatment. The
identified crystalline phases were compared with the bulk glass phase in the glass
ceramic. The XRD results show a glassy phase with a high background level and
weak XRD peaks were observed after heat treatment at the peak of exothermic
crystallisation. No significant peaks appeared in contrast to the bulk phase. This
fibre treated at 900 °C shows one broad peak at 115.94° 20 corresponding to the

magnesium aluminum oxide phase. This is a significantly different result in
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contrast to the sample bulk glass B3 heated at the same temperature with a

different dwelling time of crystallisation.

[15-742] Mg3 A2 ( 51 04 )2/ Magnesium Aluminum Silicate / Pyrope, syn
[16-215] Mg Ti2 O4 / Magnesium Titanium Oxide
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[70-1435] AI2 Ti 05/ Aluminum Titanium Oxide
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Figure 5.25: XRD diffraction patterns of MAS glass fibre a) treated at 900°C and
b) treated at 1140°C.
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The XRD pattern of B3 showed that the broad peak at 65.94° 20 shifted to 115.94°
260 which can be attributed to a change into magnesium aluminium titanate. This
difference is presumably due to the size of the sample being different, where finer

sample posseses higher surface area and greater surface to volume ratio.

Therefore, it is seen that the fibre more intensively crystallised compared to the
bulk form. In addition, it is also believed that the less compact and non-uniform
arrangement of fibres within the sample holder and the surface roughness of the
fibre in comparison with the polished bulk glass sample contributed to the unclear
peak. However, an unexpected broad peak was observed in addition to small
peaks that appeared between 20°~80° 26 when the temperature increased to
1140°C. The XRD pattern showed that while the glass phase decreased,
magnesium aluminium oxide phases remained and a high proportion of quartz
was formed. This confirmed that no significant changes had occurred after the

dwelling time of crystallisation was reduced to 1 hour.

5.5 Properties of glass fibre

Glass and glass ceramic fibres that were free from distortion to the naked eye

were selected from those produced by melt drawing and continuous drawing.

5.5.1 Measurement of fibre diameter

Fibre diameters at or near the point of failure location were measured by SEM
(Dsem) and micrometer (Dpic). Figure 5.26 illustrates the variations in diamater as
measured by single fibre of both MAS and LAS glasses. As shown in Figure 5.26,
diameter values recorded using SEM at failure locations were slightly lower than
those measured by micrometer. A digital micrometer relates its measurement of
distance to the number of rotations of a ratchet, which stops in response to the
pressure exerted by the fibre surface on a spindle. Thus the fibre diameter was

obtained from the displacement made by a fibre between the anvil and spindle.
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Fibre cross-sections were reasonably circular after testing, as is shown in Figure

5.27.
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Figure 5.26: Diameter variations detected by SEM and micrometer for a) MAS

and b) LAS with a 60mm gauge length.
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The histogram In Figure 5.28 shows that the diameter distribution of MAS glass
and glass ceramic fibres used in the present work. There was a large variation in
fibre diameters produced. MAS fibres were produced using a melt drawing
technique, where fibre diameter was controlled by melt viscosity and the speed of
hand pulling. This is due to the equivalent fibre diameters before and after heat
treatment were measured after tested for a group of 30 random fibres from each
glass system before grouped by in intervals with fibre diameter values between
60-79, 80-89 and 90-110um. The diameters of fibres were assorted due to the
inconsistent diameters produced during the drawing process, that may have

influenced the subsequent results.

Figure 5.27: a) External aspect of the fibres at room temperature as they appear

circular in cross section and b) Longitudinal view of the LAS fibre.
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Figure 5.28: Percentage of distribution for the equivalent diameters of MAS fibres

with a gauge length of 60mm.

5.5.2 Tensile strength

5.5.3.1 Fibre strength

The tensile strength of both fibre glass systems were evaluated from single fibre
tensile tests. It has been reported earlier that microscopic flaws critically affected
mechanical properties, especially fibre strength [24, 84]. Figure 5.29 shows the
average tensile strength for both systems. The average tensile strength of both
types of fibres was seen to decrease with the increasing gauge length, implying
that the possible glass surface flaws caused the stress concentration along the
gauge length. The results for LAS system and MAS system yielded the same
trend in terms of gauge length effects on fibre properties. This trend has been also
reported by other researchers [97,99] and is related to the increase in probability
of finding a larger defect with the increasing gauge length. The comparison

betweens the data of strength glass fibre and glass ceramic fibre as illustrated in
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Figure 5.29 (a) and (b) is seems to be in agreement with the [85, 89] that these
differences are directly related to the amount of damage sustained by the surface
during sample preparation handling especially for glass ceramic fibre. The
amount of surface damage in the glass ceramic fibres might be expected to be
significantly greater than that in glass fibres due to higher degree of handling
during the heat treatment. This may be the source of scatter in the strength data as
the defects were created during placement of the fibres onto the plate before and
after the heat treatment process. Therefore, it is possible that increasing the gauge
length will cause strength reduction in glass ceramic fibres. However, the average
strength for LAS and MAS system slightly decreased as the diameter increased in
both glass and glass ceramic fibres, however to a lower degree compared with the
influence of the gauge length. The results for LAS system show a smooth gradual
decrease, due to the consistent fibre diameter produced through automated
drawing process. For MAS system, the average strength results were slightly
more inconsistent. Different failure modes observed in these fibres, as revealed by
diameter grouping, suggested that the effect of diameter was small compared with
the effect of gauge length, due to the manual drawing process involved. This
seems to be in agreement with the earlier conculsion [93,94] that the tensile
strength of glass fibre could be affected by the variation of the diameters

particularly for non-uniform fibres.
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Figure 5.29: Average fibre strengths of a) LAS system and b) MAS system.
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5.5.3.2 Weibull distribution

The Weibull distribution parameters from single fibre testing were determined by
the weakest link theory method (WLT). A summary of the Weibull parameter
values at the gauge lengths tested are listed in Table 5.7 and Table 5.8.

The Weibull moduli for both systems were calculated for each gauge length
according to Eq. [2.2]. The plots for LAS and MAS systems at each gauge length
are shown in Figure 5.30 and Figure 5.31. The results clearly show that LAS has
the higher Weibull moduli and therefore have more consistent strength. This
indicates that the failure is at a higher stress. A low value of m indicates a broad
distribution in strength which indicates that there is a wide range of flaw sizes in
the fibres.

The modulus, m for all observed systems shows a reduction for the higher gauge
length, and for a certain group of glasses, oo was larger for the lower gauge
length. However, it was expected that the strength would be lower in the glass
ceramic fibres due to the crystallisation process. This trend has been discussed by
Morimoto et al [100] and Virk et al [101], where they indicated a similar trend.
The lower strength is likely to be caused by the introduction of further surface
flaws during processing and handling, mainly during conversion to glass ceramic.
Weibull modulus reduction indicated a similar phenomenon reported in the earlier
studies [102-103], potentially related to flaws in microstructure. A visual
inspection of the fit of the glass and glass ceramic fibre shows a better fit to the
strength data where the value in all groups, the R? coefficient was between 0.83
and 0.98. As can be seen from Table 2, the R? (R*= 0.9132, [166]) coefficients are
close to 1, indicating a good degree of linearity except for MAS glass ceramic at

60mm gauge length.
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Table 5.7: Weibull characteristic of LAS glass fibre.
Gauge Weibull Characteristic
Glass system Length Modulus Strength (o)) R
L (mm) m (GPa)
Las Glass 50pm 30 10.1 0.67 0.96
Las Glass ceramic
50pm 30 5.8 0.30 0.96
Las Glass 70pm 30 5.7 0.51 0.92
Las Glass ceramic
70pm 30 9.1 0.29 0.91
Las Glass 50pm 60 4.7 0.57 0.98
Las Glass ceramic
50pm 60 4.2 0.23 0.98
Las Glass 70pm 60 3.0 0.40 0.97
Las Glass ceramic
70um 60 5.9 0.24 0.96

Table 5.8: Weibull characteristic of MAS glass fibre.

Gauge Weibull Characteristic
Glass system Length, Modulus Strength (o) R
L (mm) m (MPa)
Mas Glass 30 4.7 0.53 0.92
Mas Glass ceramic 30 3.6 0.32 0.93
Mas Glass 60 4.8 0.56 0.94
Mas Glass ceramic 60 3.4 0.24 0.83
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125



RESULT AND DISCUSSION

CHAPTER 5

N R O e

n[In(L/(1-P)]

IProbability of failure

II\)I—‘OI—‘I\)

]
w

Probability of failure
In[In(1/(1-P)]

In[In(L/(1-P)]

Probability of failure

a)LAS 50pm
l ) H R2=009834 g

R2=10.9794

18 18.5 19 19.5 20 20.5

Failure stress, o (MPa)

m Las Glass A Las Glass ceramic

21

b) LAS 70 pm

2 =
1 Reco96L2 R? = 0.9747

18 18.5 19 19.5 20 20.5
Failure stress, o (MPa)

mLas Glass A Las Glass ceramic

21

| ¢c) MAS

R2=0.83444%

R? =0.9366

18 18.5 19 195 20 20.5
Failure stress, ¢ (MPa)

Mas Glass A Mas Glass ceramic

21
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5.5.3 Acoustic measurements

In this current work, the Young’s modulus was further measured by wave
generated ultrasound. This method was used in order to measure Young’s
modulus of fibre by using a glass rod and it was expected that the values would
approximate the results obtained from the nanoindentation [54]. From a
measurement of the ultrasonic velocity, the effective Young’s modulus has been
calculated as described in Section 4.3.4. The results are shown in Table 5.9. Both
systems were heat treated as described in Table 3.5, CHAPTER 3. It was found
that the LAS glass ceramic system had a lower modulus than the MAS glass
ceramic system, which was in agreement with our earlier results [167] of reduced
moduli of 115GPa and 93GPa respectively. These differences between the two
glasses may also be directly related to the chemical composition [25].
Wallenberger & Brown reported that the reduced Young’s modulus of glass
decreased with the decreasing alumina content [168] whereas MAS had a greater
alumina and magnesium content in this study compared to LAS system. The
results from the acoustic measurement showed to be slightly higher compared to
the nanoindentation data shown in brackets. It was observed that these differences
appeared due to the method of measurement. The value of Young’s modulus from
acoustic measurement involved elastic waves which could be influenced by the

presence of internal defects.

Table 5.9: Young’s moduli of both glass systems measured using acoustic

approach.
System Glass Glass ceramic
(GPa) (GPa)
MAS 117 (102) 120 (115)
LAS 90 (79) 106 (93)

* () Value from indentation
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5.5.4 Fractography

SEM images of tested MAS and LAS fibres are presented in Figure 5.32 (a,b) and
Figure 5.33 (c,d), respectively. In this part, morphological differences in fractured
samples were not observed along the gauge lengths for all the fibres. Differences
were observed between glass and glass ceramic fibres. In the MAS glass ceramic
fibre (Figure 5.32b), the heat treatment led to nucleation of crystals in glass,
transforming the system into prominent spherical and glassy phases [167], in
contrast with the glass fibre which remained amorphous (Figure 5.32a). A similar
phenomenon was observed in LAS glass ceramic fibres. It can be seen (Figure
5.33a) that the surface of the glass fibre appeared glassier and smoother than that

of the glass ceramic fibre.

The fracture surfaces in Figure 5.32a and Figure 5.33a display certain features
that indicate that the glass fibres failed at different stresses in the dotted marked
area, prior to the failure propagation across the full cross-section in both MAS
and LAS glass fibres. SEM examination of the fracture surfaces revealed the
presence of fracture-inducing flaws located at the surface of the fibre.

Both MAS and LAS glass fibres show classic mirror/mist/hackle fracture patterns
[169] that are centred on surface defects. The equivalent glass ceramics do not
exhibit any particularly obvious fracture origins and the fracture surface is
textured, probably indicating intergranular fracture between fine crystals in the
microstructure. Additionally, MAS glass ceramic is more finely grained than the

LAS glass ceramic.
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Figure 5.32: Fracture morphology of MAS a) glass fibre and b) glass ceramic
fibre.
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Figure 5.33: Fracture morphology of LAS showing a) brittle fracture morphology
of the glass fibre at room temperature and b) glass ceramic fibre.
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5.6 Glass ceramic reinforced polymer composite

The dynamic mechanical performance of the unidirectional glass ceramic fibre
composites was studied in this section. The dynamic mechanical thermal analysis
was used to assess the viscoelastic performance of the glass ceramic fibres
reinforced in epoxy resin systems. This technique was chosen as an alternative
tool for measuring the elastic properties of glass ceramic fibre composites of a
limited size. The quality of composite was observed using an image analysis
technique and the volume fraction of fibres was determined using
thermogravimetric analysis (TGA). Scanning electron microscope (SEM) was
used to study the morphology of the composites and the quality of the adhesion at

the interface.

5.6.1 Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) provides a method for
determining the storage modulus (E’) and the loss tangent (tan ) as a function of
temperature. Tests were conducted with a fixed frequency at a constant amplitude
(strain) mode. Analyses of the storage modulus and tan & have been used in
ascertaining the performance of the sample under stress and temperature.

The experiments were performed in a three-point bending mode from 0 to 180°C
at a heating rate of 2°C/min and at a fixed frequency of 10 Hz, using 8 x 30 x 1
mm? specimens. Plots of the dynamic storage modulus (E’) against temperature
were recorded for the range of composites with MAS glass fibre, MAS glass
ceramic fibre, LAS glass fibre and LAS glass ceramic as shown in Figure 5.34. A
gradual decline in E’ with the increasing temperature from 0°C to 180°C was
observed. It is noted that the incorporation of LAS glass fibre into the matrix
material results in a remarkable increase in the storage modulus over the entire
investigated temperature range, especially at temperatures below T4 (~150°C)
which can be relate with the bonding between fibre and matrix. The

incorporation of glass fibre into matrix material remarkably enhanced its stiffness.
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A low and broad peak appeared closely before Tq (denoted in dotted line), which
indicated a possibility of the post-curing process.

Incorporation of LAS glass ceramic fibres decreased the storage modulus
compared to LAS glass fibre system. However, E’ of MAS glass ceramic
composite showed no significant change when the composite was in its glassy
zone (below 150°C). In the glass transition zone (above 150°C) MAS glass
ceramic composite demonstrated a surprisingly sharp decrease in storage

modulus.

Figure 5.35 shows that tan 6 curves follow a similar pattern. Tan d is a damping
coefficient that can be related to the impact resistance of a material [128]. Since
the damping peak occurs in the region of the glass transition where the material
changes from a rigid to a more mobile state, it is associated with the movement of
small groups and chains of molecules within the polymer structure, all of which
are initially frozen in. The higher the peak tan o value, the greater the degree of
molecular mobility. As expected, the peak tan & values were higher for pure
matrix material (1.31) than that for other composite. The tan 6 peak of MAS glass
ceramic composite (0.32) was lower and shifted by approximately 10°C from that
of matrix material (I). Denser composites possessed peaks at lower temperatures,
indicating that although the fibres were not misaligned, they were not perfectly
bonded to the matrix. In addition to the low modulus value, (red arrow as shown
in Figure 5.34) these composites were therefore observed to be less crosslinked
with weaker interfaces, which agreed with the study by Kuzak and Shanmugam
[129]. It can be seen that MAS glass composites (0.37) and LAS glass composites
(0.40) provided a separation area between the matrix and fibre as shown Section
5.6.4. LAS glass composites showed the highest Ty followed by LAS glass
ceramic composites, MAS glass composite, matrix material and MAS glass
ceramic composites. Not much variation in Ty was expected between the
composites since the matrix ad the preparation was the same for each sample
(Section 3.5.2.1). The arrangement of fibres in the composites may have also
contributed to the shift in tan o to lower temperatures on account of change of the

localised fibre volume fraction. In addition, some variation in storage modulus
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between the composites may be attributed to the different mechanical properties

of reinforcing fibres.
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Figure 5.34: Storage modulus (E’) for matrix material, LAS glass fibre, LAS glass

ceramic composite, MAS glass fibre composite and MAS glass ceramic fibre

composite between a temperature range of 0 to 180°C.
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Figure 5.35: Temperature dependency of tan & at 10Hz for all range composites.

5.6.2 Density and microvoid content

Table 5.10 summarises the densities of neat matrix material, LAS glass
composite, LAS glass ceramic composite, MAS glass composite and MAS glass
ceramic composite using Achimedes’ method. A density of 1.23 g/em® was
measured for the neat matrix. As expected, the inclusion of comparatively denser
fibres increased the density of composites relative to the epoxy resin. However,
the density of the composites was slightly lower compared with the theoretical
density. This is due to the fact that some of the LAS and MAS fibres may have
lost mass during trimming as some of the fibres are not perfectly embedded
within the matrix. This happened in cases where the embedded fibres for both
glasses system were not firmly compacted during the curing cycle, which lacked
in pressure. Reinforcement by fibres at a volume fraction of 30% increased the

density of matrix where LAS glass glass ceramic was the highest. This is because
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the density of the LAS glass ceramic fibre, p,4scc = 2.9 g/cm?®, is greater than

that MAS glass ceramic fibre.

Table 5.10: Average density of neat matrix and composites.

Density, pc
Density, p. (calculated (measured by
using rule of mixtures; density
Composite system Pc=PmVm + PfVy) balance)
(g/cm?) (g/cm’)
LAS glass 1.60 1.59 + 0.03
LAS glass ceramic 1.73 1.70 + 0.03
MAS glass 1.68 1.65 + 0.03
MAS glass ceramic 1.71 1.69 +0.01
Matrix 1.23 1.23+0.01

Structural morphology was examined in order to relate the properties of the
composites with the effect of glass fibre inclusion. Specimens with a dimension of
5mm x 3mm x 1mm were cut directly from the composite coupon and examined
in an optical microscope at high magnification and some light scratches revealed.
This was undertaken in order to confirm that the composites were well
consolidated and to check for any microvoids that may have formed in the matrix
as a result of the lay-up process. Moreover, the presence of microvoids may be
attributed to imperfections in the composite which may be difficult to eliminate
due to the brittleness of the fibres. In addition, microvoids have the potential to

generate microcracks due to the local stress concentration.

Optical microscopy images of the internal structure of the composite are
presented in Figure 5.36- 5.37. At low magnification (20X) the images (as shown
in Figure 5.36- 5.37((a) and (c)) illustrate the uniform circular cross-section of the
fibres. This confirmed the previously held assumption of circular cross-sections
used to calculate the surface area of the fibres. The diameter of the glass fibre for
composite systems were selected randomly within the range of respective fibre
groups. The degree of consolidation of the fibres was determined using images as
shown in Figure 5.36-5.37 ((b) and (d)) at higher magnification (100X). These
images show the distribution of glass fibres within a section cut normal to the

fibre direction and appear to be essentially void free and well consolidated for all
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specimens. However, voids can be seen away from the fibre direction. It is
notable that the density of voids was closely related to the heat treatment of the
fibre where the fibres appeared to be brittle. This suggested that grinding and
polishing caused cracking of the edges of fibres, which led to the formation of

some large voids around the fibre edge.

In this study, none of the fibres were treated with sizing. Study of the effect of
size on the remaining fibres is outside the scope of this study. The LAS and MAS
composites possessed resin-rich regions interspersed with regions of high and low
fibre packing fraction. These composites were essentially non-uniformly
distributed where fibres were loosely arranged and fibre diameters were much
unconsistent. Hence, the void concentration can be claimed to be low with some

confidence.
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Figure 5.36: Morphology of MAS a-b) glass and c-d) glass ceramic composite

system observed with optical microscopy.
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Figure 5.37: Morphology of LAS a-b) glass and c-d) glass ceramic composite

system observed with optical microscopy.
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5.6.3 Fibre volume fraction measurements.

The quality assurance of novel composite materials consists primarily of
examination of the required fibre content. Fibre content is an important criterion
in control of the mechanical properties. In this section, the amount of glass fibre
content in the unidirectional (UD) composite was determined using the
thermogravimetry analysis TGA method as described in Section 4.3.7. The
thermal stability of pure epoxy and composite systems were also studied using
TGA. This method was used due to the range of the quantity mass suitable for this
limited weight of samples [133]. In this study, unidirectional fibres were used
because of the simplest arrangement of fibres. Figure 5.38 illustrates the thermal
degradation behaviour of pure matrix material and composites which were burned
in nitrogen, N gas from 30°C to 550°C at 10°C/min then held at 550°C for 1 hour
followed by heating in air to 1000°C at 10°C/min. The trend observed in Figure
5.38 indicate that the matrix starts to degrade at 250°C and its combustion is
completed at 637°C. The TGA profile represents a series of thermal effects
(denoted as A, B, C and D). In this figure, the decomposition mechanism starts
(A) with the initial weight loss of in average 0.5-1.0 wt% for all the system. This
effect occurred due to vaporisation of moisture in the composite [132-133]. The
degradation shows that all composite samples start to burn at slightly higher
temperature than that of the pure system, indicating that composite systems
exhibited better thermal stability. Between 380°C to 550°C the samples lost
weight gradually and the second stage (B) is related to the decomposition of the
epoxy resin in the nitrogen atmosphere. After holding at 550°C for 1 hour, the
purge gas flowing over the sample was automatically switched to air. Based on
Jumahat’s work [170] on carbon fibre composites, this temperature was employed
as an isothermal temperature due to the higher amount of matrix residue burned in
N, and the SEM micrograph of the sample residue, collected at 550°C, showed
that the marix remained deposited on the carbon fibres. Therefore the actual
amount of matrix residue can be estimated at 550°C. Stage C showed at char
decomposition occurred prior to the last inflection indicating that the matrix
residue started to burn approximately at 570°C and finished at 637°C. The sample

was heated to 1000°C in air to remove the matrix residue. Figure 5.40 illustrates
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the maximum degradation temperature of the matrix and its residues occur at
410°C (marked as X) and 611°C (marked as Y), respectively. In this figure, the
maximum degradation temperature of the glass fibre was not identified by the
peak of the rate of weight loss versus sample temperature curve, as glass fibre
degraded above 1000°C. However, low degradation temperature of LAS glass
fibre composite were observed compared to other composites. Finally, stage D
showed that the material remaining after 637°C corresponded to the weight

fraction of glass fibres in the composite (marked as W).

100 -

90
80
70
60
50

40

Weight loss (%)

30
20
10

0 200 400 600 800 1000
Temperature (°C)

Matrix material = |_AS glass fibre composite
LAS glass-ceramic fibre composite =~ ===MAS glass fibre composite
== MAS glass-ceramic fibre composite

Figure 5.38: Typical TGA results illustrating percentage of weight loss versus

temperature of matrix material and the composite specimens.
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Figure 5.39: Typical TGA results illustrating rate of weight loss versus versus of

matrix material and the composite specimens.

The fibre volume fractions in each of the composite systems were tested at three
different areas. All the results were calculated in accordance to ASTM standard
D3171-99 and shown in Table 5.11. Table 5.11 shows that the average weight
fraction of the MAS glass fibre was 34.7 wt%. The average density of MAS glass
fibre composite, which was determined using a density balance, was 1.65 g/cm?®,
The fibre volume fractions in the MAS glass composite were 21 vol. %. In
practice, fibres were not perfectly aligned as the process involved was manual.
Maximum volume fraction mostly depends both on the fibre form and method of
manufacture. For other forms of reinforcement, maximum volume fraction also
depends on the detailed arrangement of the fibres. Madsen et al [171] suggested
that the void fibre composites expected appeared from fibre which intended
causes void. This consists of fibre/matrix interface void and impregnation void

where the reinforcement architecture denies the matrix resin access to inter-fibre
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spaces as shown in Figure 5.36-5.37. Table 5.11 summarised the measured

average weight fraction of fibre in each of the composite systems. The measured

volume fractions of fibre glass in the composite systems were calculated using the

equation given in Section 4.4.2.

Table 5.11: Volume fibre fraction and volume void fraction in MAS glass fibre
composite (MASG), MAS glass ceramic fibre composite (MASGC), LAS glass
fibre composite (LASG) and LAS glass ceramic fibre composite.

Properties Matrix MASG MASGC LASG LASGC
composite composite composite composite
Value | Std | Value | Std | Value | Std | Value | Std | Value | Std
Density
composite, 123 |0.01| 1.65 | 0.03| 1.69 |0.01| 159 |0.03| 1.70 | 0.03
pe (g/em’)
Density
fibre, - - | 2728 | 0.01| 2.843 | 0.01| 2473 | 0.01 | 2.916 | 0.01
pr(glem?’)
Weight
fraction, - - | 347 |001| 37.7 | 001 | 433 [0.02| 27.7 |0.01
Wi wt%)
Volume
fraction of | . - 21 |061| 224 |031| 278 |1.03| 16.1 |0.56
fibre, Vi
(vol%)

5.6.4 Failure analysis

Figures 5.40-5.42 illustrate the fractured surfaces of matrix, MASG composite,

MASGC composite, LASG composite and LASGC composite, respectively. The

samples were cryogenically frozen in liquid nitrogen for 1 minute before being

subjected to mechanical fracture by impact. The SEM images show that two-

phase morphology is clearly visible in all composite systems. The fibres were

observed to fail randomly within the matrix. The fibre alignment plays a crucial
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role in improving the mechanical properties especially the mechanical strength
and moduli. Figures 5.41-5.42 show that the fibres were not uniformly arranged.

Figure 5.41 and 5.42 indicated MAS and LAS glass fibres showed different types
of failure mechanisms. The failure indicated that the fibre breakage was
responsible for the failure without the evidence of pull-out. The images from
Figure 5.41(a) and 5.42(a) show that the fibre/matrix interface appeared weaker
since there was no sizing employed. Surprisingly, MAS and LAS glass ceramic
fibre composites showed good adhesion between the fibre and the matrix without
the application of sizing. Closer inspection showed that the interfacial region was
well wetted as shown in Figure 5.41 (b) and 5.42 (b).

The overall analysis indicated that the glass ceramic fibres are acceptable
reinforcement in advanced composite materials and the next step would involve
their application in high temperature resins and metallic matrices. Compared to
their commercial counterparts, E-glass, GC fibres impart higher mechanical
properties and a simple extrapolation would illustrate their beneficial influence on
Al, Li, and other aerospace materials which currently possess excellent impact
resistance and ductility, and could benefit from the additional reinforcement.
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Figure 5.40: Fracture surface of the matrix material.
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Figure 5.41: Fracture surface of a-c) MAS glass fibre and d-f) MAS glass ceramic

fibre composite after bending.
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Figure 5.42: Fracture surface of a-c) LAS glass fibre composite and d-f) LAS
glass ceramic composite after bending.
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5.7 Concluding remarks

This chapter presented and discussed the results from the experimental
investigation of the novel composite systems obtained from the glass ceramic
fibres developed and manufactured in this study. The first section described the
heat treatment optimisation and the subsequent thermomechanical properties of
the bulk systems. The results showed that the highest modulus was obtained for
MAS system, in the range of 137 GPa, and LAS system resulted in 99 GPa after
the recommended heat treatment schedule. It is important to mention that the high
modulus of elasticity was not the sole aim of this investigation, and it needed to
be accompanied with the optimised manufacturing process that would enable
preservation of the consistent structure in the extreme temperature environment.
An optimum schedule of heat treatment temperature and time was developed
based on their overall physical observation and used as a benchmark for

fabrication of glass ceramic fibre.

The second part of this study covered the manufacturing of MAS and LAS glass-
ceramic fibres, including the characterisation through the standard single fibre
tests of hundreds of manually produced fibres in this study, both before and after
crystallisation, using the ASTM standard. The results showed that LAS had
higher Weibull modulus while MAS had lower values within the same gauge
length. A low value of m indicated a broad distribution of measured strength
which is attributed to a large number of flaws and various incosistencies in the
fibres. The modulus m for all observed systems showed a reduction with longer
gauge lengths and for a certain group of glasses, oo was larger for smaller gauge
lengths. LAS glass fibres had flaws evenly distributed throughout the fibres. Both
MAS and LAS glass fibres showed classic mirror/mist/hackle fracture patterns
that were centred around surface defects where SEM was used to study the

fracture mechanisms produced during the mechanical tests.

Finally, in the third part, the glass ceramic fibre reinforced polymer composites
were fabricated using a wet lay-up technique. The results obtained from the
physical, dynamic mechanical thermal analysis, optical microscopy and SEM
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observation summarised that in the lay-up process presence of voids is inevitable.
However, an introduction of unsized glass ceramic fibres in the matrix revealed a
good adhesion between the fibre and matrix. The SEM micrograph showed a
good bonding was achieved during the fabrication between the glass ceramic
fibres and the matrix. Considering that glass fibres have an excellent thermal
porperties as showed from the DTA, these fibres have potential to be use as
reinforcement at high thermal application. However further analysis at high
temperature environment need to be carried to make the finding more conclusive.
These results are very promising in the direction of developing a GCFRP system

using appropriate fabrication method.
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Conclusions

he properties of glass ceramics and their fibres are principally influenced by
Ttheir heat treatment [24]. Therefore, the potential usage of glass ceramic
fibres, namely MgO-Al,03-SiO, (MAS) and LiO2-Al,03-SiO; (LAS) systems,
has been investigated. In order to achieve the main objectives of this study,
processing and testing were carried out involving the characterisation of the heat
treatment on bulk glass ceramics, fabrication of the glass and glass ceramic fibres,
single fibre testing and the manufacture of glass ceramic fibre reinforced polymer

composites.

There is a correlation between the properties and crystallisation behaviour of
MAS and LAS glass ceramic systems. In these systems, increased temperature
enhanced the rigidity of glass structures, thereby enabling higher density,
nanohardness and reduced Young's modulus. These properties were successfully
obtained in both systems, which were prepared with different heat-treatment
regimes. The thermo-mechanical properties correlated with the crystalline phases
of the selected system. Observations showed that there was a significant variation
in the morphology of the crystalline phases with the changes in the heat treatment
temperatures and dwelling times in MAS and LAS systems. An optimum heat
treatment scheduled has been successfully developed based on the results from
the reduced modulus. The highest values recorded were 137GPa for the MAS
system and 93GPa for the LAS system, as measured by the nanoindentation
method.

In this work, MAS fibres were prepared using melt drawing and LAS fibres were
prepared by continuous drawing. These techniques have been successfully
employed to fabricate MAS and LAS glass fibres. The drawing temperature for
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the MAS system was higher than 1200°C and LAS glass fibres were drawn at a
temperature below the crystallisation temperature of 750°C. MAS glass fibres
were produced in a limited quantity and their diameters varied between 60-100um
due to manual processing at high temperatures. In contrast, the diameters of LAS
glass fibres were automatically controlled in the range of 50-70 um. The glass
drawing method presented in this study is well suited to the fabrication of glass

ceramic fibres.

Based on the heat treatment of bulk systems, glass fibres were subjected to a
series of thermal treatments in order to optimise temperatures and dwelling times.
The challenges of controlling the temperature and dwell time for the heat
treatment of glass ceramic fibres were overcome in samples where physical

observation indicated an absence of distortion.

Correlations between the properties of glass ceramic fibres and heat treatment
conditions were clearly demonstrated by changes in density and average strength.
The Young’s moduli of the glass and glass ceramic fibres were obtained by
measuring bulk material using the acoustic approach. Glass ceramic fibres were
tested using the single fibre test method in order to obtain and evaluate their
mechanical properties before and after the crystallisation. Data for the tensile
strength was analysed statistically using the Weibull method. The results showed
that the distributions of fibre strength and variation in the Weibull parameters
correlated with the the gauge lengths. Moreover, handling and test procedures
were major concerns for the fabrication of fibres and the measurement of tensile
strength. It has been reported [14] that all of the thermomechanical properties of

fibres are dependent on fabrication conditions.

MAS and LAS glass ceramic fibres were successfully used in the manufacture of
unidirectional glass ceramic fibre reinforced polymer composites by wet lay up
techniques. Due to the limited and fragile nature of the fibres, single ply
composites were cautiously prepared by hand lay-up. Both glass ceramic fibre
composites were tested using dynamic mechanical thermal analysis. The results

showed an unmistakable difference in the storage modulus, £’ and tan & between
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composites reinforced with MAS and LAS fibres. This indicated that the presence
of fibres of an appreciable fibre alignment significanlt influenced the results for

dynamic thermo-mechanical properties.

Investigation of failure mode by using fractography indicated a correlation
between the properties of composites with the crystallinity of their fibres. SEM
photomicrographs displayed visibly good interfaces for all uncoated glass ceramic
fibre systems in which glass ceramic fibres were well bonded with the epoxy.
However, the SEM photomicrographs of LAS and MAS uncoated glass fibre
composites revealed a weaker interface due to variable interfacial adhesion.
Fibres consequently debonded from the epoxy and generated voids. It is therefore

conclusive that the glass ceramic fibres have a future for composite applications.
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Chapter 7

Recommendations for future work

T

he results obtained in this study were investigated in order to provide

fundamental data on glass ceramic fibre reinforced polymer composites. It

was shown that uncoated glass ceramic fibres bonded well to the matrix. These

findings encourage further investigation in order to study GCFRP in a more

detail. The following are recommendations for future work:

Establishing standardised parameters for the heat treatment of glass
ceramic fibres that could serve as the basis for processing and handling
protocols during fabrication. This would be useful due to the strong
dependence of mechanical properties on these parameters, especially the
Young’s modulus. A selective range of temperatures, dwell times and
heating rates could be improved upon for better feasibility in forming

glass ceramic fibres.

The present study only used two different gauge lengths. Further
investigation of the tensile strength at different gauge lengths and
diameters would help elucidate the maximum tensile strength and Young’s

modulus for glass ceramic fibres.

Improved manufacturing techniques must be further explored in order to
produce high quality GCFRP owing to the current lack of information
about the manufactuirng methods of brittle fibre composites. The

improved method of fabrication of the glass ceramic fibre composites
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would involve facility to optimise cost-effective yet advanced

manufacturing process.

e Preliminary work has been conducted in this study to investigate the
performance of commercial matrix material reinforced with glass ceramic
fibres using dynamic mechanical thermal analysis. A comparative study
on the strength of the composite should be extended in order to investigate
the effect of reinforcement and the relationship between strength and the

morphology of the interphase.

e Further work should also consider reinforcement of lightweight metallic
alloys to explore the possibility to exploit the high-temperature capability
of glass ceramic fibres, and their excellent mechanical properties at high

temperatures, both during the manufacturing process, and in service.
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